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ABSTRACT 
Studies were conducted to investigate the direct effects of herbicides on Rhizoctonia 
solani, effects of herbicides on damping-off root rots caused by R. solcmi on glyphosate-
tolerant and glyphosate non-tolerant soybeans, and distribution of different anastomosis 
groups (AGs) of R. solani across the soybean growing regions of the US. 
Effects of three commonly applied soybean herbicides (glyphosate, imazethapyr, and 
pendîmethalin) were evaluated on the mycelial growth, sclerotial production, and viability of 
R. solani isolates (AG-1, AG-2-2, and AG-4) under controlled conditions. Only 
pendîmethalin significantly reduced mycelial growth of all three R. solani isolates 
investigated. Sclerotial production was affected differently by the three herbicides. Viability 
of sclerotia produced in the presence of herbicides was not significantly different from the 
viability of sclerotia produced from non herbicide control 
In 1998 and 1999, studies were conducted to evaluate the interactive effects between 
glyphosate-tolerant soybean and herbicides (glyphosate, imazethapyr, lactofen, and 
pendîmethalin) on damping-off' and root rots caused by R. solani under greenhouse and field 
conditions. Generally, no significant effects of herbicides were found on plant growth 
variables (plant height, shoot and root dry weight, root rot severity index, and plant stand) in 
the presence of R. solani for both glyphosate-tolerant and non-tolerant cultivars. In a two-
year field study, plant stands decreased with both glyphosate-tolerant and non-tolerant 
cultivars in the presence of R. solani and herbicides. Other variables like plant height, shoot 
and root dry weights, and root rot severity ratings gave differential responses with the 
various treatments. 
vi 
The last study was conducted to assess the frequency of occurrence of different AGs 
of R. solani from different soybean growing regions of the US. Multinucleate R. solani 
isolates were recovered from soybean fields at five latitude levels ranging from 33 °N to 46 
°N. Out of 143 multinucleate isolates recovered, anastomosis grouping revealed that 51 
isolates were AG-1 (35.6%), nine were AG-2-2 (6.2%), 40 were AG-4 (28%), and 15 were 
AG-5 (10.6%). Effects of temperature on growth, sclerotial production, and survival were 
studied with isolates from each AG. Results indicate differential effects of temperature on 
growth rate, sclerotial production, and survival among various AGs. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Soybean [Glycine max (L.) Merrill] is one of the most important oil-seed crops of the 
world. Nearly 60% of the vegetable protein and 30% of oil consumed world wide is provided 
by soybean (Foreign Agriculture Service, 1985). Protein from soybean seed has various uses, 
such as livestock feed, components in various food products, industrial applications, and 
major source of protein for human consumption in many developing countries. Soybean oil is 
a major component of various fat and oil products (Fehr, 1987). In 1994, soybean accounted 
for a market value of US $30.4 billion for the United States (US) economy (Foreign 
Agriculture Service, 1995). In the same year, nearly 80% of the US soybeans were produced 
in the North Central US (Wrather et al., 1997). 
Over 40 fungal diseases have been reported in soybeans, and diseases caused by 
Rhizoctonia solani are major diseases of importance. Generally, diseases caused by R. solani 
in soybean can be divided into two categories: foliar blights and diseases of underground 
parts. Foliar blights are characterized by the appearance of water-soaked lesions on infected 
leaves which turn reddish brown and later become brown or black. Lesions may start as small 
spots which then may blight the whole leaf. Infected leaves drop off under severe infestation. 
Isolates of R. solani belonging to anastomosis groups (AG) 1-1A and 1-1B are causal agents 
of foliar blights. Isolates belonging to AG 1-1A and 1-1B differ culturally, by the type of 
sclerotia produced, and by DNA base sequence (Sneh et al., 1991). High yield losses have 
been reported due to foliar blights (Joye et al., 1990). The most common symptoms of 
underground diseases are damping-off, hypocotyl, and root rots, which occur when soils are 
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wet and cooL Pre-emergence damping-off occurs after the plumule emerges from the seed, 
which is decayed by the causal fungus. Post-emergence damping-off occurs a little later after 
seed emergence. Lesions appear sunken and reddish brown just below the soil line. Girdling 
of the hypocotyl can occur, which could lead to mid-season stuntmg or death of plants. Stand 
loss of 40% and yield losses up to 50% have been reported from Brazil and the US, 
respectively (Sinclair and Backman, 1989). 
Literature Review 
History and Nomenclature 
The genus Rhizoctonia was first described by DeCandolle in 1815, and Rhizoctonia 
crocorum (Pers.) DC. was designated as the type species. However, R solani, the most 
important species of Rhizoctonia, was described later by Kuhn in 1858. Since then numerous 
studies have reported the pathology, taxonomy, ecology, and disease control of Rhizoctonia. 
Rhizoctonia spp. contain a very diverse collection of teleomorphs in different families, orders, 
and even classes. There are presently 120 species, varieties, or forma spéciales of 
Rhizoctonia spp. Teleomorphs of Rhizoctonia spp. belong to Helicobasidiitm, 
Thanatephorus, Ceratobasidiwn, Waitea, Tulasnella, and Sebacina. Thanatephorus (with 
R. solani) and Ceratobasidiwn are the most studied teleomorphs (Ogoshi, 1996). 
Morphological and Cultural Characteristics 
Isolates of R solani are highly variable in cultural characteristics, infectivity, 
pathogenicity, and responses to environmental changes. R. solani isolates grow well on 
potato-dextrose agar and on other liquid and solid media. Mycelial cells generally are 
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multinucleate but some species are binucleate. Mycelium is hyaline when young, but turns 
white to brown when older. Some isolates exhibit zonation cutural morphology in culture 
media. Diameter of hyphae ranges from 4-12 (um. Hyphae are generally multinucleate, but 
the number of nuclei per cell varies with AGs and isolates. Hyphae tend to branch at right 
angles in the direction of growth with constrictions at the point of connection with the 
mother hypha and have septation near the junction of branching. Dolipore septae are 
characteristic of this fungus. Hyphae produce simple or branched moniliform cells, which are 
white to brown and are three times longer than their width. The fungus also produces 
pectinolytic and proteolytic enzymes (Sinclair and Backman, 1989). 
Sclerotia are the main survival structures of this fungus. They are made up of 
compact cells and are generally found embedded on the host surface. The color of sclerotia 
ranges from light brown to black. Not all isolates in all AG groups are known to produce 
sclerotia (Sinclair and Backman, 1989). 
Classification of Rhizoctonia solani 
Grouping isolates of R solani based on hyphal fusion into different anastomosis 
groups dates back to more than 75 years (Matsumoto, 1921). Schultz (1936) first reported 
grouping isolates into anastomosis groups (AGs). Later studies added and redefined the 
initial findings (Flentje and Stretton, 1964; Parameter et al., 1969). The term 'anastomosis' is 
defined as fusion between hyphae with cell wall lysis at the point of contact. Unknown 
isolates of R solani are paired with known 'tester' isolates and are observed for hyphal 
fusion. Isolates can be paired on 1) water agar (Parameter et al., 1969); 2) cellophane placed 
on agar (Carling et aL, 1987); 3) agar-coated slides or cover slips (Windels and Nabben, 
I 
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1989); or 4) bare slides placed in a moist chamber (Kronland and Stanghellini, 1988). The 
incidence of hyphal fusion is expressed by the term 'Fusion Frequency'. Fusion frequency is 
estimated by the following formula: Percentage (%) Fusion Frequency = 100 x (A/B), where 
A is the sum of fusion points and B is the sum of contact points. Generally about 10 to 15 
contact points are measured. A fusion frequency of 50% or more is considered high, 30 to 
50% moderate, and less than 30% is considered low (Sneh et at., 1991). 
The type of fusion is further classified into four categories according to furling 
(1996) (Table 1). C3 depicts a very close relationship and indicates same AG with possibly 
the same vegetative compatible population (VCP). C2 represents the same AG but a different 
VCP. CI represents a more distant relationship such as that which exists within highly 
heterogenous AGs. CO indicates completely different AGs which lack any vegetative 
relationship. 
Currently, R. solani isolates have been designated to 12 AGs (AG-1 to AG-11 and 
AG-BI] based on hyphal fusion, cultural characteristics, pathogenicity, and DNA- sequence 
homology (Carling and Kuninaga, 1990; Carling et al., 1994; Sneh et aL, 1991). Some of the 
AGs are further divided into intraspecific groups. AG-1 is divided into AG-1 1A, AG-1 IB, 
and AG-1 1C (based on colony morphology and pathogenicity). AG-2 is divided into AG-2-
1 and AG-2-2 (based on hyphal anastomosis), AG-4 is sub-grouped into HG-I and HG H 
(based on DNA complementarity); and AG-8 is subdivided into ZGs 1, 2, 3,4, and 5 (based 
on zymogram which are pectinase enzyme patterns on acrylamide gels). Currently all AGs 
except AG-5, 7, 10, and BI have recognized subgroups. 
I 
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Table 1. Different types of hyphal anastomosis reactions and their categorization in 
Rhizoctonia solani according to Carling (1996) a 
Relatedness Description of interaction 
'C3' Closely related 
[Same anastomosis 
group and same 
vegetative compatible 
population (V CP)] 
Walls and membranes fuse, 
anastomosis point not obvious, 
diameter of anastomosis point 
equal or nearly equal and 
anastomosing and adjacent cells do 
not die generally. 
'C2' Related 
(Same anastomosis 
group but different 
VCP) 
Wall connection and reaction site 
obvious, membrane contact unclear, 
diameter of anastomosing point less 
than hyphal diameter, anastomosing 
and adjacent cells always die. 
ecr Distantly Related 
(different or same 
anastomosis group) 
Apparent contact between hyphae, 
wall connection clear but no 
membrane contact, one or both 
anastomosing cells die occasionally. 
'CO' Not Related No interaction. 
8 Classification based on reactions and cytological changes occurring at the point of 
anastomosis between the two hyphae. These changes are visible by light microscopy. 
Generally hyphal anastomosis reactions help group isolates into one AG or another, but 
the existence of bridging isolates sometimes makes grouping difficult. Bridging isolates are 
isolates that are capable of anastomosing with more than one AG. Isolates of AGs 1,4, 5, 7, 
9, and 10 are not known to have any bridging isolates. Generally, isolates of R. solani will 
anastomose with themselves. However, this is not always the case. Parameter et al (1969) 
found that isolates which do not anastomose with known testers of any group would not 
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generally anastomose with themselves. 
Hyphal anastomosis is still the predominant method by which isolates of R. solani are 
grouped. But the AG concept does not provide much insight into the genetic diversity of 
these fungi. In recent years there has been an increasing interest in newer approaches using 
serological, biochemical, and molecular techniques to differentiate isolates of R. solani and to 
study their diversity. 
Serological techniques using polyclonal and monoclonal antibodies produced against 
mycelial proteins, secreted proteins, or lectins (carbohydrate-binding proteins) have also been 
employed to differentiate Rhizoctonia spp. In 1979, Adams and Butler developed polyclonal 
antisera to mycelial extracts from isolates in AG-1, 2-1, 2-2, 3, 4, and 5. Their results 
revealed that antibodies were successful in separating isolates into serological groups in all 
AGs except AGs 2-1 and 2-2. Kellens and Peumans (1991) used lectins isolated from 25 
isolates in AGs (1-5 and 7) and five subgroups (AGs-l-lA, IB, 1C and AGs-2-1 and 2-2) for 
comparison. Results from their study clearly indicated that lectins are AG-specific and 
isolates within a particular AG can be distinguished based on their serological reaction. 
Mathew and Brooker (1991) produced polyclonal antisera against secreted proteins from 
AG-8 and compared them with isolates from AGs 2-1, 3, and 4. Results revealed 
distinctiveness among and within AGs. Monoclonal antibodies were developed by Dusunceli 
and Fox (1992) to detect a range of AGs (1,2-1, 2-2, 3, 4, 5, 6, and 8) from soil as well as 
from plants. 
Biochemical methods, such as protein profiles, isozyme analysis, zymograms, etc., 
have been used to differentiate variability in R. solani. Clare and co-workers (1967) were the 
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first to demonstrate variability based on protein patterns in starch gels among isolates from 
crucifers and cereals in R. solani. Five different AGs were distinguished by Reynolds et aL 
(1983) using distinct protein patterns. Kuninaga (1986) differentiated AGs 1 to 7 and B1 
using total protein patterns and further showed differences among isolates within the same 
AG. However, care should be exercised when using this method because environment can 
influence the synthesis of proteins. 
Another biochemical method commonly used is the analysis of isozymes which are 
defined as different molecular forms of a given enzyme. Isozymes are coded generally by 
different alleles or by different genetic loci and so appear as multiple bands during 
electrophoresis. Based on the isozyme patterns, Liu and Sinclair (1993) differentiated several 
genetically distinct subgroups within AG-1 and AG-2. Forty eight isolates from potato fields 
belonging to AGs 3 (with intra-specific groups) and 9 were distinguished by Laroche et aL 
(1992). Kaufman and Rothrock (1995) used isozyme techniques to differentiate AG-11 
isolates from Australia and Arkansas, US. Isozymes of pectin have also been used for 
identification of groups within Rhizoctonia spp. This method is based on differences in the 
enzyme pectinase in pectic acid acrylamide gels stained with ruthenium red (Cruickshank and 
Wade, 1980). Sweetingham et al. (1986) employed this technique in differentiating 140 
isolates into 11 pectic zymogram pattern groups. They further showed that isolates within a 
pectic zymogram group have the same cultural characteristics and pathogenic capability. 
Balali et al. (1995) separated isolates of J?, solani from potato fields into three different 
zymograms and suggested that zymogram variation is related to the morphology of sclerotia 
in the tuber and to disease symptoms. 
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Molecular techniques generally involve the analysis of DNA, and several methods 
have been used for differentiation in Rhizoctonia solani. The earliest report of DNA analysis 
was to determine the % of guanine + cytosine content and DNA/DNA hybridization values 
(Kuninaga and Yokosawa, 1980). However, this technique was valuable only in individual 
cases and did not provide any clear correlation with AGs. Other DNA studies include 
sequencing ribosomal DNA genes (rDNA), restriction fragment length polymorphism 
(RFLP), and random amplified polymorphic DNA (RAPD). Vilgalys and Cubeta (1994) 
showed genetic differences between AGs and subgroups in R. solani and binucleate 
Rhizoctonia spp. using RFLP and rDNA genes. Vilgalys and Gonzalez (1990) studied 87 
isolates of R. solani from 10 AGs originating from different regions. Their study revealed 55 
unique RFLP patterns from the 87 isolates. Further, each AG had one or more unique RFLP 
patterns not present in other AGs. But isolates within subgroups AG-1 and AG-2 were not 
differentiated and showed considerable genetic variation. Liu et aL (1993) used internal 
transcribed spacer regions ITS1, ITS2, and 5.8s rDNA regions for differentiating 30 R. 
solani isolates representing nine AGs. RFLP patterns exhibited two subgroups in AG-3, two 
in AG-4, three in AG-5, and two in AG-10. However, two isolates in AG-6, one in AG-7, 
one in AG-8, six in AG-9 and two in AG-B1 formed a single group. 
Host Range and Diseases Caused by Rhizoctonia solani 
Rhizoctonia solani causes a wide range of diseases on different crops. R. solani can cause 
losses on wide range of vegetables and flowers, can attack several field crops, turf grasses, 
and even some perennial ornamentals, shrubs and trees. R. solani causes pre-emergence and 
post-emergence damping-off of seedlings, root rot, stem canker or stem rot, and aerial leaf 
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blights on a variety of crops around the world. Table 2 shows the major host crops and types 
of diseases caused by R. solcmi. 
Mechanisms of Host Penetration 
Rhizoctonia solani enters its host in a number of ways. The fungus may penetrate 
directly, through natural openings, and/or through wounds. Direct penetration into the host 
is accomplished by the formation of infection cushions and/or by lobate appressoria on the 
host surface. Formation of infection cushion and lobate appressoria by R. solani were first 
reported by Abdel-Salam (1933). Generally, the fungal hyphae grow over the plant surface, 
branching and ramifying over the surface. The secondary branches generally cease to elongate 
and form many side branches or continue to curl backwards on to themselves (Flentje et al., 
1963). The branches are short, stubby, swollen, curved, or coiled. The dome-shaped 
infection cushions are formed commonly by the aggregation of short, stubby side branches, 
but may also be formed by the aggregation of many side branches from a single hypha, or by 
terminal branching (Khadga et al., 1963). The size and height of such cushions show 
considerable variation. The size of infection cushions ranges from 300 to 500 ^m, while the 
height ranges from 120 to 170 /zm. 
Penetration through natural openings is by means of hyphae growing through stomata 
into the sub-stomatal cavity by decreasing in size when needed to enter through the stoma. 
Once inside the plant, the hypha branches extensively and further invades the tissue beneath 
(Ullstrup, 1936). Other natural openings through which R. solani enters plant are through 
lenticels (Ramsey, 1917). R. solani has also been shown to penetrate through wounds. 
Cracks in bean seed coats and at the site of lateral root development have been a point of 
entry (Wester and Roth, 1965; Wyllie, 1959). 
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Table 2. Major host crops, diseases, and associated anastomosis groups of Rhizoctonia 
solani 
Serial Host Diseases Commonly Associated 
No. Anastomosis Groups Reference 
1. Canola damping-off and 2-1,2-2, 3,4, Verma, 1996 
root rots and 5 
2. Cereals seed, seedling, culm, 2-1,2-2,4,5, Mazzola 
(except rice) sheath rots & bare and 8 et aL 1996 
patch 
3. Cotton damping-ofÇ seed 4 Rothrock, 1996 
and root rots 
4. Bulbs seedling and root 2-1, 2-2, 3,4, 5, Dijst and 
rots and 6 Schneider, 1996 
5. Ornamentals damping-of£ stem 1 and 4 Benson and 
rots, and blights Cartwright, 1996 
6. Peanut damping-oflj seed 1 and 4 Brenneman, 1996 
rots, and blights 
7. Potato sprout decay and 3, 4, 5, and 8 Banville et aL 
black scurf 1996 
8. Rice sheath blights 1-1A, 1-1B, and 2-2 Hashlba and 
Koyasbashi, 1996 
9. Soybean damping-oÊÇ seed 1-1A, 1-1B, 2-2, 3 Hwang et al. 
& root rots, and 4, and 5 1996 
foliar blights 
10. Sugar beet damping-off, root 1,2-1,2-2, 3,4, Herr, 1996 
rots, and blights and 5 
11. Turf grass blights, bare-patch, 1, 2-2,4, and 5 Burpee and 
and leaf& Martin, 1996 
sheath spots 
12. Vegetables damping-ofÇ root 1-1A, 1-1B, 2-1,2-2, Tu et al. 1996 
rots, and blights 3, 4 and 5 
& fruit rots 
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Nutritional status of the host also has been shown to influence host penetration. 
Weinhold et al. (1969) reported a direct relationship between carbon and nitrogen for host 
penetration. It was found that more vegetative growth occurred on the host surface without 
penetration under nutrient deficient conditions. Further studies have shown that exogenous 
sources of nutrients including soil, can have a marked effect on pathogenicity of/?, sotlani. 
Disease severity increased when inoculum cultured in a nutrient rich medium was used 
compared to inoculum cultured in a nutrient-deficient medium (Weinhold et aL, 19721). 
Ecology and Survival Mechanisms 
Rhizoctonia solani has at least two known means of survival. Mainly, it is a good 
saprophyte and colonizes a wide variety of dead plant tissues in the absence of the host. The 
other mode of survival is through the production of sclerotia, which enables R. solani to 
survive over long periods of time. Most of the R. solani AGs have "loose type" sclerotia 
(Townsend and Willetts, 1954), but AG-1-1A has "Sasakii Type" sclerotia, which are-
organized into a rind, cortex, and medulla (Tu and Kimbrough, 1975). Sclerotia are made of 
compact moniliod cells., which range from 20-22 £tm in width and 30-35 pan in length (Tu 
and Kimbrough, 1975). Under cultural conditions sclerotia may range from barely visible up 
to 6 mm in diameter (Butler and Bracker, 1970). 
Plant debris recovered by wet sieving of top soil (15 cm deep) from the peanut-
growing areas of Texas and New Mexico yielded isolates belonging to AG-4 (Woodajd and 
Jones, 1983). Neate (1987) in Australia found isolates of AG-8 in plant debris up to 1 5 cm 
deep in direct-drilled wheat. AG-1 isolates were recovered up to a depth of 7.5 cm from 
fields where soybean was grown in rotation with rice in Mississippi, US (Damicone et: al., 
1993). Number and germination of sclerotia were found to decrease as depth increased with 
isolates of AG-1 in Taiwan (Leu and Yang, 1985). In India, sclerotia buried in upland soil 
survived better compared to low land soil (Roy, 1986). In the state of Kerala, India, AG-1 
isolates lost viability within 3-4 weeks when buried 5 cm under flooded wetland or garden 
soil compared to 6 months under dry straw conditions (Lakshmanan and Nair, 1986). AG-1 
isolates causing web blight of cowpea survived the dry season on infested leaves on the 
surface soil, but not in leaves buried 5 cm deep (Onesirosan and Sagay, 1975). In Japan, AG-
2-2 isolates causing sugar beet root rot survived better through sclerotia compared to plant 
debris (Hyakumachi and Ui, 1982). On the contrary in the US, AG-2-2 isolates seem to 
survive in infested plant tissues (Ruppel, 1985). Isolates of AG-2-2 HI B, which causes corn 
root rots, were found to survive for 10 months in fallow soil (Bell and Sumner, 1987). In 
another study, isolates of AG-4 were mostly recovered from the upper 10 cm of the soil and 
rarely below that depth (Papavizas et al., 1975). 
Cultural Factors Affecting Growth, Survival, and Incidence of A solani 
Crop Rotation 
Intensive cultivation has led to shorter crop rotations and large scale mono-
cropping. This has led to epidemics of many plant diseases including those caused by 
Rhizoctonia solani (Hide and Read, 1991; Huiskamp and Lamers, 1992). On the other hand, 
decline in Rhizoctonia diseases also has been observed with mono-culture in raddish 
(Wijetunga and Baker, 1979) and potatoes (Jager and Velvis, 1980). Rhizoctonia solani has 
a wide host range, but individual AGs and their sub groups have a much narrower host range 
(Butler, 1993). However, Sumner and Bell (1986) found that AG 2 and AG 4 were not 
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affected by crop rotation because of their wide host range. Rice sheath blight severity due to 
AG 1-1A was higher when rice was rotated with soybeans compared to rotating with 
bermuda grass because soybean was also a host of AG 1-1A (Belmar et aL, 1987). 
Tillage 
With growing concern about soil erosion, there has been an increase in 
conservation tillage practices (Cook, 1994). Effects of tillage seem to greatly influence the 
saprophytic and parasitic ability of Rhizoctonia spp. (Cook, 1994). In the Pacific Northwest 
of the US and in Australia, root rot and bare patch caused by R. solani AG 8 increased with 
reduced tillage or no-tillage (Wellar et aL, 1986; Rovira, 1986). Incidence of stem lesions on 
potatoes by R. solani AG 3 was greatly reduced by moldboard plowing compared to 
chiseling (Leach et al., 1993). Fruit rot of cucumber and root rot of snap beans were found 
to decrease with deep plowing (Lewis and Papavizas, 1980; Lewis et aL, 1983). Soil 
compaction has also been found to increase root rot in white beans (Tu and Tan, 1991). Mold 
board plowing decreased the density of AG-4 in the top soil compared to minimum or chisel 
till (Sumner et al., 1981). 
Organic Amendments 
Addition of organic amendments like manure, compost, or cover crops could lead 
to beneficial or adverse effects on R. solani diseases depending on the composition and state 
of decomposition. Papavizas (1970) reported greater disease suppression by cellulose based 
amendments compared to pure cellulose. However, Bochow et aL 1970, found pure 
cellulose to increase root rot in mustard . Sheath blight in rice and damping-off in cauliflower 
were highly reduced by the addition of cellulose rich materials compared to adding cellulose 
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directly (Baby and Manibushan Rao, 1993; Kundu andNandi, 1985). High C:N ratios have 
been shown to decrease Rhizoctonia diseases due to increased antagonistic activity and 
competition from soil microbes. Addition of alfalfa, cotton, oats, and wheat debris (C:N ratio 
varied from 12 to 88) decreased the saprophytic and parasitic ability of R. solani while 
soybean debris addition (C:N ratio 19) had no effect (De Swardt and Pauer, 1978). 
Decomposition stage was found to be an important criterion for determining the 
effects of organic amendments on diseases caused by Rhizoctonia spp. Inoculum density and 
disease severity increased with fresh amendments, while addition of partially decomposed or 
composted organic matter suppressed the fungus (Wall, 1984; Chung et aL, 1988). Addition 
of sewage sludge two weeks before planting decreased cotton seedling diseases compared to 
addition of sludge one week before planting (Lumsden et al., 1983). Organic matter additions 
at regular intervals increase the population and activity of soil fauna, which in turn has been 
shown to control many soil borne diseases including Rhizoctonia diseases (El Titi and Ipach, 
1989;Foissner, 1992). 
Fertilizers 
Application of fertilizers has been known to have effects on diseases caused by 
Rhizoctonia spp. (Engelhard, 1989). Influence of all essential elements on disease incidence 
and/or severity has been well documented (Engelhard, 1989). Incidence and severity of 
diseases caused by Rhizoctonia spp. in general are influenced by deficiencies of potassium, 
nitrogen, or calcium (Baker and Martinson, 1970). Form of availability of the nutrient also 
seems to influence Rhizoctonia diseases. R. solani on legumes and cereals increased with 
NH4-N and K fertilization but decreased with N03-N and P (Huber, 1980). Saprophytic 
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activity of Rhizoctonia spp. on sugar beets was positively correlated with total inorganic N 
and NH4-N (Papavizas et al., 1975). On the contrary, Peacock and Daniel (1992) reported 
no influence of fertilizers on turf grass infection by R. solani. Soil nitrate was negatively 
correlated with Rhizoctonia disease severity (Rush and Winter, 1990) while soil organic 
matter was positively correlated with Rhizoctonia disease severity (Specht and Leach, 1987). 
Pesticides 
Fumigants, fungicides, herbicides, soil insecticides, and nematicides all have been 
shown to interact with host plants and soil-borne pathogens (Bollen, 1993; Rodriguez-
Kabana and Curl, 1980). Herbicides can affect plant-pathogen interactions either by directly 
affecting the pathogen or by influencing the host plant. Effects of herbicides on the host are 
more apparent because they act directly on the plants by causing increased root exudation 
and/or by influencing host resistance mechanism (Bollen, 1993). Both detrimental and 
beneficial effects have been shown with the use of herbicides at recommended dosage on 
host-pathogen interaction (Bollen, 1993). 
Detrimental Effects. The first instance reported in the literature of an herbicide 
affecting fungal root disease was with trifluralin. Romig and Sasser (1972) found that the 
herbicides trifluralin and dinoseb increased incidence and severity of R. solani in snap beans. 
In a study conducted in Georgia, it was found that application of trifluralin and/or dinoseb 
increased root disease severity caused by Pythium myriotylum, or by a mixture of soil-borne 
fungi in cowpea but did not increase root disease severity with R. solani (Sumner, 1974). In 
greenhouse studies, alachlor increased root rot induced by R. solani in cowpea but 
fluchloralin did not have any effect (Kataria and Dharam, 1983). Herbicides alachlor, 
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chloramben, dinoseb, S-ethyl-dipropylthio carbamate, and fluorodifen were all found to 
increase root rots in navy beans caused by Fusarium solani f. sp .phaseoli under field 
conditions (Wyse et al., 1976). Application of chloramben increased root rot severity in 
cucumber caused by F. oxysporum, P. aphanidermatum, P. irregulare, and Rhizoctonia spp. 
(Sumner, 1978). Naptalam and nitralin increased root disease severity in soils infested with 
F. oxysporum and P. aphanidermatum when applied as pre-plant incorporated compared to 
spraying (Sumner, 1978). In naturally infested soil with Collectotrichum spp., F. oxysporum, 
F. solani, Pythium spp., or R. solani, application of trifluralin and dimethyl tetrachloro-
terephthalate (DCPA) increased root disease severity of turnip compared to non-infested soil 
separately infested with the above pathogens (Sumner and Glaze, 1978). In 1981, Duncan 
and Paxton reported that trifluralin could increase Phytopthora root rot in soybeans. 
Tomatoes and peppers grown in the presence of trifluralin and Verticillium showed severe 
stunting and disease (Altman, 1991). In pea, atrazine increased root rot and pathogen 
populations of F. solani f. sp. pisi in the field (Percich and Lockwood, 1975). Application of 
glyphosate closer to planting compared to farther away from planting date has been shown to 
increase Rhizoctonia root rot (Smiley et al., 1992). Killing of potato shoots before harvest 
with herbicides and/or other chemicals increased black scurf caused by R. solani (AG 3) on 
potatoes (Mulder et al., 1992). Further, rate of herbicide application also has been shown to 
affect disease incidence. In 1972, Klefeld and Dagan showed that high rates (1.7 kg/ha) of 
trifluralin applied at the time of planting increased damping-off caused by R. solani in tomato. 
Combinations of pesticides also have been shown to lead to synergistic actions. 
For instance, fungicide cyproconazole decreased infection by Rhizoctonia cerealis (AG-D) 
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on wheat when used with herbicides, bromoxyniL, dicamba, DNOC (4, 6,-dinitro-o-cresolj, 
or ioxynil, than when either of the pesticides was used alone (Kataria and Gisi, 1990). 
In many instances, herbicides have been shown to increase root exudation in host 
plants and thus provide readily available nutrients for the pathogens (Altman and Rovira, 
1989). Colonization of wheat roots by Pseudomonas spp. increased due to application of 
mecoprop because of extensive root cortex damage (Greaves and Sargent, 1986). Increased 
infection of soybeans by Thielaviopsis basicola in soils treated with choramben was 
associated with increased amino acid content (Lee and Lockwood, 1977). Other factors 
influenced by increased root exudation are stimulation of spore germination of pathogen 
propagules, shift in rhizosphere microflora (increase in fungi and actinomycetes compared to 
bacteria) and reduction in population densities of beneficial organisms (Youssef and 
Heitefuss, 1983). Glyphosate was shown to block the production of phenolic compounds 
involved in the resistance of hosts such as asparagus, bean, soybean, and tomato (Levesque 
and Rahe, 1992). Treatment of plants with dinitroanaline herbicides was found to interfere 
with normal plant cell division and thus increased the incidence of Fusarium spp. and 
Rhizoctonia spp. Bare patch disease caused by Rhizoctonia spp. increased in barley and 
wheat following application of chlorosulfuron (Altman and Rovira, 1989). In Sweden, 
Nillson (1973) noted that mecoprop increased take-all and eyespot diseases in wheat. 
Beneficial Effects. One of the earliest reports of beneficial effect due to 
application of herbicides was from Canada (Richardson, 1959). It was reported that 
application of dinoseb reduced Fusarium wilt in tomato caused by F. solani f. sp. lycopersici. 
Diphenamid increased resistance of tomato to R. solani (Katan and Eshel, 1974). Probably 
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the most widely published beneficial effect of herbicides is the interaction of trifluralin and 
other dinitroanaline herbicides with Aphanomyces root rot in pea. It was found that 
application of trifluralin increased pea yields and decreased root rot under field conditions 
(Grau and Reiling, 1977). Later, in vitro studies showed that trifluralin reduced zoospore 
numbers (Harvey et al., 1975). Trifluralin increased resistance of melon to F. oxysporum £ 
sp. melonis (Grinstein et al., 1984). Host resistance increased in tomato and egg plant by 
increased phytoalexin production after application of trifluralin (Grinstein et aL, 1984). 
Another study showed suppression of sclerotinia stem rot in soybeans due to increased 
glyceollin production when treated with lactofen (Dann et aL, 1999). A similar study by 
Yang et al. (2000) also found decrease in sclerotinia stem rot of soybean after application of 
lactofen. Wilt disease of melons caused by F. oxysporum f. sp. melonis was reduced due to 
decreased ethylene production by trifluralin application (Cohen et al, 1986). Application of 
pendimethalin, a dinitroanaline herbicide, eliminated damping-off caused by Pythium spp. in 
tomato although seedling emergence was delayed (Abdalla and Manci, 1979). Another 
study from Michigan showed reduced disease in asparagus caused by F. oxysporum f. sp. 
asparagi and F. moniliforme in plots treated separately with simazine, linuron and terbacil 
compared to manually weeded plots (Lacy, 1979). 
The role of additives in herbicides also has been investigated although not directly 
with R. solani. It was found that commercial grade herbicide trifluralin inhibited mycelial 
growth of F. solani while the active ingredient stimulated mycelial growth at equivalent 
concentration (Yuet al., 1988). The role of safeners was evaluated by Craig and his co­
workers (1987). They found that one product reduced incidence of sorghum downy mildew 
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while another product increased disease incidence. Therefore, there is a need to examine the 
protectants or safeners along with the herbicides for their effects on plant-pathogen 
interactions. 
Direct effect of herbicides on fungal pathogens is by inhibition of mycelial 
growth, spore production, and/or spore germination. It was reported that pyramin under low 
dosages did not affect R. solani, but increasing concentrations inhibited mycelial growth (El-
Abyad and Abu-Taleb, 1991). Results of in vitro studies do not always correlate with field 
studies. Examples of such poor correlations were the increase in Rhizoctonia diseases in 
cotton, pinto beans, and sugar beets (Altman and Rovira, 1989) following treatment with 
trifluralin. 
Environmental Factors 
Edaphic factors like temperature, moisture, soil texture, and compaction, have 
been found to affect growth and survival of R. solani in the soil. R. solani has a range of 
optimum temperatures for infection of different crops (Barker, 1961; Richards, 1923). The 
optimum temperature is further influenced by the fungal isolate (Doomik, 1981). According 
to Grooshevoy et al. (1940) sclerotia heated at 45, 50, and 60 °C for 48, 10, and 0.5 hours, 
respectively failed to germinate. Under temperate conditions, soil temperature in the range of 
10-15 °C was found to favor sclerotial survival (Papavizas et al., 1975). Manian and 
Manibushana Rao (1990) reported survival of R. solani sclerotia up to 18 months at 20 and 
30 °C under wet, and at 20 °C under dry, soil conditions. At 30 °C under dry soil conditions 
there was no survival of sclerotia after 18 months. Kaminski and Verma (1985) found that an 
AG-2-1 isolate grew at 2 °C but not at 36 °C with an optimum temperature of 24 °C, while an 
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AG-4 isolate did not grow at 2 °C and had some growth at 36 °C with the optimum 
temperature being 26 °C. A temperature range of 18-30 °C was found to support growth of 
both AG-2-1 and AG-4, but isolates of AG-4 had better growth than isolates of AG-2-1. 
Soil temperature influences the frequency of occurrence of different AG groups. 
Yitbarek et aL (1987) found that most of the isolates recovered from seedlings of rape seed 
were AG-2-1 when the temperatures were cool during early spring, while most of the isolates 
recovered from mature plants were AG-4 when the temperatures rose later in the growing 
season. Field experiments by Teo et al. (1988) in Saskatchewan showed that soil 
temperatures up to 15 °C favored the occurrence of AG-2-1 while a soil temperature of 20 °C 
favored AG-4. Doomik (1981) found AG-2t (recently named) isolates from ornamentals to 
be cold-temperature oriented, while AG-4 isolates were found to prefer warmer 
temperatures. Schneider et al. (1993) working with AG 2-1,4, and 5, confirmed the findings 
previously reported by Doomik (1981). Isolates of AG-4 causing root rots and hypocotyl 
rots on soybeans were favored by wet weather and soil temperatures in the range of 18 to 25 
°C (Sinclair and Backman, 1989) while isolates of AG-1-1A and AG-1-1B which cause foliar 
and web blights were favored by 25-26 °C mean air temperatures and free moisture (Galindo 
et al., 1983; Yang et al., 1990b). 
Several studies have shown the effects of moisture on growth and survival of R. 
solani. According to Palo (1926), sclerotia held in soil at 7.7% and 38% moisture remained 
viable for 7 and 5 months, respectively. Eighty-six percent of sclerotia were viable after 6 
months in soil kept at 5% moisture holding capacity (MHC) (Pitt, 1964). In another study 
using sterile soil, Endo (1940) reported survival of sclerotia up to 6 months in winter 
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conditions under 55% MHC. In general, as MHC increased from 30 to 80% there was an 
increase in infection, but infection decreased at higher moisture levels (Hartill, 1968; Roth 
and Riker, 1943; van Bruggen et aL, 1986). 
More viable Rhizoctonia spp. propagules were found in coarse sand compared to 
fine sand, silt, or clay (Papavizas, 1968). Increasing clay content was found to reduce survival 
of R. solani (Lewis, 1979). Herr and Roberts (1980) reported different AG groups according 
to the texture of the soil. Glenn and Sivasithaparam (1990) found that soil compaction 
increased hyphal mass of AG-2-1 in comparison to non-compacted sofl. 
Distribution of R. solani in the United States 
Rhizoctonia solani has a worldwide presence and attacks a wide variety of crops. 
In the US, R. solani has been reported from several regions of the country and from different 
crops. Papavizas et al. (1975) recovered 15 isolates from soil and plant debris in Maryland 
and classified them into groups AG-4 and AG-3. In another study, Galindo and co-workers 
(1982) from New York isolated 33 isolates from snap beans and soil. Of these, 18 isolates 
were assigned to AG-4, four to AG-1, five to AG-2, while the rest were unassigned. 
Isolations from carnation stems and soils in Honolulu resulted in 70% of the isolates 
belonging to AG-4, 20% to AG-2-2 and 10% to AG-2-1 (Trujillo et al., 1988). Jones and 
Belmar (1989) associated R. solani belonging to groups AG-l-A and AG-1-1B as the causal 
agents of web blight in rice and soybeans, respectively. In 1989, Windels and Nabben 
classified 361 cultures of R. solani from sugar beet in Minnesota. They found 325 isolates to 
be multinucleate, while the remaining 36 isolates were binucleate. Of the 325 multinucleate 
isolates, 47% were AG-4,27% were AG-5, 20% were AG-2-2, 2% were AG-1, while AG-2-
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1 and AG-3 constituted 0.3%, and approximately 7% of the isolates did not anastomose with 
any tester isolates (AG-1 to AG-9 and AG-B1). R solani isolates associated with root rot of 
wheat and barley in the Pacific Northwest were grouped in to AG-3, AG-4, AG-5, AG-8, 
AG-9 and AG-10 (Ogoshi et al., 1990). Yang et al. (1990a) reported that foliar blight of 
soybean caused by AG-1-1A and AG-1-1B affects more than half of Louisiana's soybean 
acreage. Of the 309 isolates recovered from ornamental plants in Florida, 129 were 
multinucleate, out of which 60% were AG-4, 20% were AG-1, and 20% did not anastomose 
to the first four anastomosis groups (Chase, 1991). Eighty nine percent and 95% of R solani 
isolates recovered from sugar beet and wheat from the Texas pan handle belonged to AG-2-
2 and AG-4, respectively (Rush et al., 1994 ). In Arkansas, Rothrock et al. (1995) found 
AG-4 to be associated with cotton seedling diseases. Nelson et aL (1996) recovered 98 
isolates of R. solani from soybeans in North Dakota and identified them into four AG groups; 
AG-2-2 (3%), AG-3 (2%), AG-4 (46%), and AG-5 (38%); about 10% of the isolates did not 
anastomose to any tester isolates ( AG-1 to AG-9 and AG-B1). Windels et aL (1997) found 
that of 33 isolates recovered from sugar beet, 28 belonged to AG-3, while the rest belonged 
to AG-5. 
Factors Affecting Occurrence and Distribution of Fungi 
Factors that govern the occurrence and distribution of fungal pathogens are; 1) 
host; 2) environment; and 3) the interactions among pathogen, host, and environment. This 
part of the review deals with influence of environmental factors on plant pathogen 
distribution with particular reference to effects of temperature. Among environmental 
factors, temperature has been postulated to be a major factor affecting distribution, growth, 
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and survival of microorganisms such as fungi in general (Pirozynski, 1968). 
In studies on fungi va. Aspergillus section Flavi it was found that A.flavus was 
more adapted to warmer regions compared to A. tamari which was more abundant in the 
cooler cotton regions of the US (Cotty, 1997). In another study on the distribution of 
vesicular-arbiscular mycorrhizae (YAM), it was reported that temperature was the most 
critical factor regulating the distribution and occurrence of different species ofVAM (Koske, 
1987). The range of Pseudomonas solanacearum is primarily restricted between 45 °N and 
45 °S latitude. Although P. solanacearum has been introduced to cooler northern regions, it 
has been found not to persist (Kelman, 1953). Another plant pathogen, Phymatotrichum 
omnivorum, was found to be limited in the north by temperature (Ezekiel, 1945). 
Teliospores of onion smut, caused by Urocystis cepulae, have the capability to germinate 
between 6 °C and 30 °C, but above 30 °C fewer spores were found to germinate and produce 
promycelia and so the disease has not been reported south of Kentucky (Walker and 
Wellman, 1926). Black shank of tobacco, caused by Phytopthora parasitica var. nicotianae, 
is a major pathogen in North Carolina every year (Apple, 1963). But in contrast, it was 
found that P. parasitica var. nicotianae incidence and severity varied considerably from year 
to year in Virginia, the state immediately north of North Carolina (Willis, 1965). The 
investigators further stated that the variation in incidence and severity of black shank was 
related to time of frost occurrence. Frost killed the vegetative hyphae but not 
chlamydospores, which are the resting spores. An early frost prevented the formation of 
numerous chlamydospores due to killing of the host, while a prolonged autumn allowed more 
chlamydospore formation before the host was killed. On the contrary, Kenerley and Brock 
I 
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(1983) found abundant chlamydospores of P. cinnamoni in forest seedlings before the onset 
of cold temperatures, but most were killed with onset of cold. Literature indicates that the 
susceptibility of the resting structures to cold limits the northern climatic adaptation range of 
P. parasitica and P. cinnamoni (Kuske and Benson, 1983). However, temperature was 
found to play only a minimal role in the distribution of some Fusarium spp. Fusarium solani 
f. sp. phaseoli was found wherever beans were grown, as was F. solani f. sp. lini, which was 
found wherever flax was grown. These pathogens were found well adapted to their hosts 
(Bruehl, 1989). 
Superficial examination of distribution maps based on latitude alone can be 
misleading. Potato cyst nematodes are cold-temperature pathogens, but were found 
distributed in warm South and Central American countries. This was because potatoes are 
cool-weather plants and are grown at higher elevations. Therefore, both latitude and altitude 
can change the climatic conditions, especially temperature (Bruehl, 1989). 
There are reports showing preference for cooler and warmer temperature among 
various AG groups belonging to R. solani (Doomik, 1981). Isolates of R. solani obtained 
from soybean in Ohio, US and Zaire belonged to different AG groups (Muyolo, et al., 1993) 
indicating preference for different temperature conditions or ecological adaptations among 
the various AG groups. 
Research Rationale 
Most of the isolates of R. solani infecting soybean have been classified into one of five 
AG groups: AG-1 (1-A & 1-B), AG-2 (2-2), AG-3, AG-4, and AG-5 (Nelson et aL, 1996). 
Table 3 summarizes the distribution of different AGs in the US which were reported in 
25 
literature between 1995 and 1997. 
Herbicides which are an integral part of crop production have been shown to aSect 
plant-pathogen interaction. Generally, herbicides influence plant-pathogen interactions in two 
ways. One is a direct effect on the pathogen, while the other way is through the influence on 
the host plant. Several reviews have described the effects of herbicides on plant-pathiogen 
interactions (Altman and Rovira, 1989; Kataria and Gisi, 1990). However, there is lfcttle 
information on how herbicides influence sclerotial production of R. solani and thus their 
survival, an important component determining distribution range. 
Table 3. Distribution of isolates from different anastomosis groups of Rhizoctonia solani 
from varius crops across different latitudes in the United States® 
Anastomosis Groups 
Latitude 1 1-1A 1-1B 2 2-1 2-2 3 4 5 8 9 10 
22-26N 9b _ _ 52 48 _ 233 _ _ _ 
27-30 N _ 114 114 _ _ 40 _ 43 3 _ _ 
34-38 N 4 _ 5 _ 2 29 
42-48 N 7 _ _ 1 68 35 222 130 14 1 20 
a The above data are from 14 reports and from approximately 1350 isolates reported 
between 1975 and 1997. 
b Number of isolates in each anastomosis group. 
Herbicides are known to pre-dispose plants to various biotic factors (Altman; and 
Rovira, 1989; Kataria and Gisi, 1990). Introduction of herbicide tolerant/resistant crops is an 
important development in crop-protection. Several crops resistant/tolerant to various 
herbicides are available on the market. The acreage of crops resistant/tolerant to different 
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herbicides has increased over the last few years. In 1998, transgenic soybeans accounted for 
nearly 38% of the total soybean acreage planted in the US (Holzman, 1999). The rationale 
behind such a practice is that crops can be managed with the use of a single herbicide, thus 
reducing plant injury. In addition, there is a likely reduction in the total amount of herbicides 
used and injury to soybeans due to use of various other post-emergence herbicides. It is likely 
that farmers will continue to use various other herbicides to avoid resistant weeds emerging 
from the continuous use of a specific herbicide. A previous study by Sanogo et al. (2000) 
reported that both glyphosate-tolerant and non-glyphosate tolerant soybean cultivars 
responded similarly to infection by Fusarium solani f. sp. glycines following herbicide 
application. However, little is known how such transgenic crops would respond to different 
herbicides and to diseases caused by R. solani. Such information would help us to better 
manage herbicide usage and understand the effects of diseases caused by R. solani on 
transgenic crops which are widely cultivated by growers. 
The objectives of this research were to determine 
1. the effects of herbicides on sclerotial production of Rhizoctonia solani and on 
sclerotial viability. 
2. the effects of herbicides on infection by Rhizoctonia solani on herbicide 
tolerant/resistant transgenic soybeans. 
3. the distribution of different anastomosis groups of Rhizoctonia solani and to 
examine the likely factors influencing the distribution. 
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Benefits 
Results from this research may allow for a better understanding of how herbicides and 
temperature are likely to influence the growth and survival of different AG groups of R. 
solani. Further, this research could provide insights on how herbicides and temperature affect 
the diversity and abundance of different AG groups of R. solani in the major soybean regions 
of the US. 
Dissertation Organization 
This dissertation contains an abstract, five chapters, and an acknowledgment section. 
The general introduction, containing pertinent literature review, followed by three research 
chapters presented as journal manuscripts. Chapter 5 summarizes the research results and 
suggests pertaining areas for future research. The last part acknowledges people who were a 
source of help and guidance for completion of this dissertation. 
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CHAPTER 2. INFLUENCE OF HERBICIDES ON GROWTH AND 
SCLEROTIA PRODUCTION IN RHIZOCTONIA SOLANI 
A paper accepted by Weed Science 
R. Harikrishnan and X. B. Yang 
This study was conducted to determine the effects of three commonly applied Glycine 
max herbicides (glyphosate, imazethapyr, and pendimethalin) on the mycelial growth, 
sclerotial production, and viability of Rhizoctonia solani isolates [anastomosis groups AG-1, 
AG-2-2, and AG-4] under controlled conditions. Pendimethalin significantly reduced 
mycelial growth of all three R. solani isolates investigated, while effects of imazethapyr and 
glyphosate were not significant. Sclerotial production was affected differently by the three 
herbicides. Isolates AG-1 and AG-2-2 produced sclerotia under both in vitro and in vivo 
conditions, while isolate AG-4 did not produce sclerotia under in vitro condition. Under in 
vitro condition, AG-1 isolate showed a decrease while AG-2-2 isolate showed an increase in 
sclerotial production in the presence of herbicide. In contrast under in vivo condition, both 
AG-1 and AG-2-2 isolates showed reduction in sclerotial production compared to AG-4 
isolate which showed an increase in sclerotial production in the presence of herbicides. 
Sclerotial production generally was higher under in vivo than in vitro conditions. The 
number of sclerotia produced per unit sclerotial weight often was higher in the presence of 
herbicides. Viability of sclerotia produced in the presence of herbicides was not significantly 
different from the no herbicide control 
Nomenclature: Glyphosate, [A^-(phosphonomethyl)glycine]; imazethapyr, 2-[4,5-dihydro-4-
methyl-4-(l-methylethyl)-5-oxo-l//-imidazo 1-2-yl]-5-ethyl-3-pyridinecarboxy lie acid; 
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pendimethalin, [JV-( 1 -ethylpropyl)-3 -4-dimethyl-2-6-diratrobenzenamine] ; Rhizoctonia solani 
Kuhn (teleomorph Thanatephorus cucumeris (A.B. Frank) Donk) AG-1, AG-2-2, and AG-4; 
Glycine max (L.) Merr., soybean. 
Key words: Sclerotia, root rot, Rhizoctonia. 
Rhizoctonia solani Kuhn [teleomorph Thanatephorus cucumeris (A.B. Frank) Donk] is 
a major pathogen of Glycine max (L.) Merr. and many other crops. It causes damping-oflÇ 
root rot, stem rot, and foliar blights of G. max (Sinclair and Backman 1989). R. solani has 
been reported from most G. wax-growing regions of the world (Sinclair and Backman 1989) 
and causes substantial yield losses (O'Neill et aL 1977; Tachibana 1968). Root rots caused by 
R solani are major diseases of G. max in the Midwestern US (Doupnik 1993). Isolates 
belonging to R. solani are classified into different anastomosis groups (AG) based on hyphal 
anastomosis, cultural morphology, and pathogenicity (Sneh et al. 1991). Currently, there are 
12 AGs to which isolates of R. solani are assigned. Isolates of R. solani from G. max belong 
to AG-1, AG-2-2, AG-4, or AG-5, although isolates belonging to AG-3 also have been 
reported to infect G. max (Jones and Belmar 1989; Nelson et al. 1996). AG-1 and AG-2 are 
further subdivided into AG-1 1A, IB, 1C, and AG-2-1 and 2-2. Subgroups AG-1 1A and IB 
are primarily foliar pathogens and cause aerial blight and web blight, respectively, whereas 
isolates in the remaining groups cause seed, root, and stem rots. 
Studies on the effects of herbicides on plant diseases have shown both increases and 
decreases in disease incidence and severity (Altman and Campbell 1973; Katan and Eshel 
1973). Herbicides act either directly or indirectly by affecting plant pathogens or their hosts. 
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Fungi have been shown to utilize herbicides as energy source (Ahman 1969). Application of 
herbicides increase nutrient availability from the host through root exudation (Altman and 
Campbell 1973). Direct effects of herbicides on plant pathogens have been shown under in 
vitro conditions as evidenced by inhibition of growth and/or reproduction of the pathogen 
(Katan and Eshel 1973). Herbicides trifluralin [2, 6-dinitro-AyV-dipropyl-4-(trifIuoromethyl) 
benzenamme], atrazine [6-chloro-iV'-ethyl-Ap-(l-methylethyl)-l ,3,5-triazine-2,4-diaminej, 
paraquat [1, l'-dimethyl-4-4'-bipyridinium ion], and alachlor [2-chloro-JV-(2,6-diethylphenyl)-
jV-(methoxymethyl)acetamide] have been shown to reduce mycelial growth of R. solani 
(Katan and Eshel 1973; Leach et aL 1991; Rodriquez-Kabana et aL 1966). Several studies 
have demonstrated the differential effects of herbicides on the reproductive structures of 
different fungi (Kawate et aL 1992; Reichard et aL 1997; Wilcox 1996). An earlier study on 
the effect of herbicides on foliar blight of G. max caused by R. solani (AG-1 1A and IB) 
reported differential response to growth and sclerotia production by the two subgroups 
(Black et aL 1996). Information on the effects of herbicides on sclerotia production, which is 
an important means of survival of R. solani, is scant. The objectives of this research were to 
determine the effects of three commonly used G. max herbicides (glyphosate, imazethapyr, 
and pendimethalin) on (i) mycelial growth under in vitro conditions, (ii) sclerotia production 
under in vitro and in vivo (in soil) conditions, and (iii) sclerotia viability ofj?. solani AG-1, 
AG- 2-2, and AG-4. A preliminary report of this study has been published (Harikrishnan and 
Yang 1998). 
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Materials and Methods 
In Vitro Growth Study 
The study was conducted under laboratory conditions. One isolate of R. solani from 
each of the anastomosis groups AG-1, AG-2-2, and AG-4 was used. Experiments were 
established as a factorial design with three isolates, three herbicides, and four herbicide 
concentrations being the factors. The treatments were replicated four times, and the 
experiment was repeated once. Three herbicides [pendimethalin (Prowl 3.3 EC), glyphosate, 
(Roundup Ultra) and imazethapyr (Pursuit 2 AS)] were applied at OX, 0.5X, 1.0X, and 2.0X 
concentrations. The recommended field rate (IX) was 1.7, 0.071, and 0.84 kg a.i.ha"1 for 
pendimethalin, imazethapyr, and glyphosate, respectively. Herbicide amount was calculated 
based on the surface area of the petri dish (90 mm diameter). Herbicides were added to 20 
ml per plate of autoclaved, cooled (50 C), potato (Solanum tuberosum L.) dextrose agar 
(PDA) at the above rates. Herbicide-amended petri dishes then were seeded in the center with 
a 5-mm-diameter agar plug from 2- d-old cultures of the isolates of R. solani in PDA. 
Seeded plates then were incubated at 25 ± 2 C with a 12 h light/dark cycle. Measurements of 
radial growth were made until one of the isolates fully covered the plate. 
In Vitro Sclerotia Production 
Plates of PDA were amended with the three herbicides as described above and then 
were inoculated with a 5-mm-diameter agar plug from 2-d-old cultures of the various isolates 
of R. solani in PDA. Inoculated plates were incubated for 4 wk at 25 ± 2 C with a 12 h 
light/dark cycle. Sclerotia from each plate were harvested by sieving (250 ^m) under running 
tap water and then air dried overnight at room temperature (25 ± 2 C). Data on sclerotia 
weight, number of sclerotia/mg, and germination (viability) percentage were calculated. To 
calculate percentage germination, 50 sclerotia selected randomly from each treatment were 
surface sterilized in 0.05% sodium hypochlorite solution followed by two washes in sterile 
distilled water. The sclerotia then were blotted dry and plated on PDA. After a 2 d incubation 
period at 25 ± 2 C with 12 h light/dark cycle, germinated sclerotia were counted. A 
sclerotium was counted viable if it produced visible mycelium. Each treatment was replicated 
three times, and the germination study was repeated three times. The experiment was 
conducted twice. 
In Vivo Sclerotia Production 
For this study, finely sieved (< 250 /um) and autoclaved sandy loam soil was used. Petri 
dishes were filled with 50 g of the soil to which sterilized distilled water was added. Initially 
the soil was wetted to 100% water-holding capacity (WHC) and then was adjusted to 50% 
WHC periodically for the duration of the experiment. Petri dishes were inoculated by mixing 
with 1.5 mg fresh weight of mycelia/g of soil of the appropriate isolates of R. solani (AG-1, 
AG 2-2, and AG-4) and were incubated at 25 ± 2 C with 12 h light/dark cycle. Mycelia for 
inoculation was harvested by growing the three isolates of R. solani in PDA broth for 1 wk at 
25 ± 2 C with 12 h light/dark cycle. Treatments applied were the same as those under in vitro 
study with three replications per treatment. Herbicides were added at the rates mentioned 
earlier based on the surface area of the petri dish (90 mm diameter) a day after the petri 
dishes were inoculated with the respective isolates. Sclerotia were harvested in the same 
manner as in the in vitro study after 6 weeks. Sclerotia weight, number of sclerotia/mg, and 
germination percentage (viability) were calculated as in the in vitro study. The experiment 
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was conducted twice. 
Data Analysis 
Data on anastomosis group, herbicide and their concentration were analyzed using 
analysis of variance in general linear models procedure of SAS (SAS 1988). Differences on 
the overall means among the main effects were compared using Fisher's protected least 
significant difference test (P = 0.05). Repetitions were combined for analysis as no 
interactions were found among the repetitions. 
Results and Discussion 
Mycelial Growth Study 
The three herbicides affected the mycelial growth of the three R. solani isolates 
differently. ANOVA showed that each main effect (group, herbicide, and concentration) and 
two-way interactions (group x herbicide and herbicide x concentration) were highly 
significant (P = 0.0001) (Table 1). Of the three herbicides, pendimethalin was the most 
inhibitory in reducing mycelial growth, while imazethapyr and glyphosate had negligible 
effects (Figure 1). All three isolates of R. solani were equally susceptible to pendimethalin, 
with isolate AG-2-2 showing nearly 84% growth reduction compared with the untreated 
control. Isolates AG-1 and AG-4 showed 78% and 79% growth reduction, respectively, 
compared with untreated controls at IX concentrations. Mean growth reduction of AG-1 
increased as herbicidal concentrations increased (Figure 1). 
Pendimethalin reduced mycelial growth of all three isolates significantly. These results 
are in agreement with those reported on the effects of dinitroanaline herbicides (Teasdale et 
al. 1979). Pendimethalin and other dinitroanaline herbicides have been shown to affect 
microtubule (MT) formation in algae (Strachan and Hess 1983), protozoans (Chan et aL 
1991), and fungi (Hyde and Hardham 1993). Dinitroanaline herbicides lead to 
depolymerization of existing MTs and prevent the polymerization of new ones (Morejohn et 
al. 1987; Wacker et al. 1987). Unlike pendimethalin, mycelial growth was not inhibited by 
imazethapyr and glyphosate. These results are in contrast to earlier reports where glyphosate 
has been shown to reduce mycelial growth in AG-1-1A, IB, AG-2-1, and AG-4 (Black et aL 
1996; Verma and McKenzie 1985). Although direct effects of imazethapyr on R. solani have 
not been reported, results from this study are in agreement with an earlier report on 
Sclerotinia trifoliorum (Reichard et al. 1997) that noted negligible effects on growth and 
sclerotia production in S. trifoliorum. The differential response observed in our studies with 
regard to the effects of herbicides on mycelial growth could be attributed to genetic variation 
among isolates ofR. solani within and among different anastomosis groups (Carling 1996). 
In Vitro and In Vivo Sclerotial Production 
Sclerotia weight was affected unevenly by the various herbicides tested (Figures 2 and 
3). Under in vitro conditions, the three herbicides at the IX concentration reduced AG-1 
sclerotia production compared with untreated controls (Figure 2a). At the IX concentration, 
isolate AG-1 produced only 63, 49, and 48% of the total sclerotia weight of untreated 
controls in the presence of pendimethalin, imazethapyr, and glyphosate, respectively. In 
contrast, sclerotia production increased with isolate AG-2-2 with all three herbicide 
treatments (Figure 3a). Isolate AG-2-2 at IX concentration resulted in over 12-, 3-, and 3-
fold increases in sclerotia weight compared with untreated controls with herbicides 
pendimethalin, imazethapyr, and glyphosate, respectively (Figure 3a). AG-2-2 at 2X 
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concentration of glyphosate (Figure 3) and AG-4 in control and at all concentrations of all 
three herbicides failed to produce any sclerotia in vitro. 
There was a general increase in sclerotia production under in vivo conditions compared 
with in vitro conditions (Figures 2 and 3). Main effects (group, herbicide, concentration), 
two-way interactions (group x herbicide, herbicide x concentration), and three-way 
interactions were highly significant (P = 0.0001) for in vivo measurements (Table 2). The 
three isolates of R. solani tested, produced sclerotia under in vivo condition but isolate AG-4 
failed to produce any sclerotia under in vitro condition. Isolate AG-1 at IX concentration of 
pendimethalin, imazethapyr, and glyphosate produced 59, 60, and 30% less sclerotia 
compared with their untreated controls, respectively (Figure 2b). At the same IX 
concentration of pendimethalin and imazethapyr, AG-2-2 showed a reduction of 73 and 71% 
in sclerotia weight, respectively, whereas at IX concentration of glyphosate it showed a 52% 
increase compared with the control (Figure 3b). Isolate AG- 4 showed an increase in 
sclerotia weight across all three herbicides. At IX concentration of pendimethalin, 
imazethapyr, and glyphosate, sclerotia weight of AG-4 increased more than 2,1.5, and 1.5 
times, respectively, of that of the control (Figure 4a). 
The increased sclerotia production in vivo compared with in vitro concurs with an 
earlier report (Naiki and Ui 1978). The increased in vivo sclerotia production may have been 
due to the nutritional condition of the soil, influencing sclerotia production (Ui 1966). The 
three herbicides either significantly reduced or increased sclerotia weight depending on the R. 
solani isolate. Generally, isolates AG-1 and AG-2-2 often produced significantly fewer 
sclerotia compared with controls, unlike AG-4, which often produced more sclerotia under 
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the influence of herbicides. The contrasting nature in sclerotia production shows the effect of 
herbicides and the relative sensitivity of the different isolates to the herbicides. Factors 
involved in the initiation of sclerotia by R. solani are unknown, and thus we are unable to 
speculate how herbicides might affect sclerotia formation. The difference in sensitivity and 
response may be explained by the inherent genetic differences among isolates belonging to 
different AGs (Carling 1996). To our knowledge, the differential responses to these select 
herbicides between AG-1, AG-2-2 and AG-4 have not been previously reported. 
Sclerotial Number and Viability 
The number of sclerotia produced differed with R. solani isolate, herbicide, and 
herbicide concentration (Figures 2 and 3). Generally, there were more sclerotia formed per 
unit weight in the presence of herbicides compared with the controls, which shows that 
sclerotia produced were denser in controls than under the influence of herbicides. Under in 
vitro conditions, isolate AG-1 showed no clear pattern (Figure 2c), but with AG-2-2, there 
was a trend toward an increase in the sclerotia number across the three herbicides and their 
concentrations (Figure 3c). Under IX concentration of pendimethalin, imazethapyr, and 
glyphosate, AG-1 sclerotia numbers were 98, 116, and 124%, respectively, to that of the 
control under in vitro conditions. In comparison, at IX concentration of pendimethalin, 
imazethapyr, and glyphosate, AG-2-2 sclerotia numbers were 112, 151, and 175%, 
respectively, to that of the control. Isolate AG-1 under in vivo conditions at IX 
concentration of pendimethalin, imazethapyr, and glyphosate showed an increase in sclerotia 
number by 64, 96, and 31% compared with untreated controls, respectively (Figure 2d). 
Sclerotia number in AG-2-2 increased 45 and 37% under IX concentration of pendimethalin 
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and glyphosate, respectively, compared with controls, while imazethapyr at 1 X 
concentration showed a slight reduction (2%) (Figure 3d). Pendimethalin (IX) showed a 
14% reduction in sclerotia number compared with controls, while imazethapyr and 
glyphosate increased sclerotia number by 63 and 11%, respectively, with isolate AG-4 
(Figure 4b). 
Under in vitro conditions, germination of sclerotia produced by isolates AG-1 and AG-
2-2 in the presence of herbicides often did not differ significantly from their respective 
controls. Sclerotia produced by AG-1 at IX concentration of pendimethalin, imazethapyr, 
and glyphosate showed 104, 84, and 99% germination respectively, to that of the control 
(Figure 2e). In contrast, AG-2-2 sclerotia produced at IX concentration of pendimethalin, 
imazethapyr, and glyphosate had 114, 114, and 111 % germination respectively, to that of 
control (Figure 3e). Germination of sclerotia produced under the influence of herbicide (IX) 
showed no significant differences among treatments under in vivo conditions with few 
exceptions. 
Sclerotia produced were comparatively smaller in the presence of herbicides compared 
with the control. This effect was reflected by the increased number of sclerotia/mg under 
herbicide-amended conditions compared with the control. However, the size of the sclerotia 
did not translate into less sclerotia germination. Sclerotia were produced in the presence of 
herbicides in the medium, but subsequent germination tests were carried out in the absence of 
herbicides so we do not know whether there were any residual effects in promoting 
germination due to the herbicides. But a study with S. sclerotiorum has shown increased 
carpogenic germination and increased apothecial production in sclerotia with prior exposure 
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to pesticide dichloropropane-dichloropropene (Partyka and Mai 1958). Further germination 
testing under herbicide-amended conditions may provide useful information. 
This study was conducted using commercial formulations of the various herbicides. In 
addition to the active ingredients, the formulated herbicides contain inert materials, 
emulsifers, carriers, and other components. So the specific component (s) responsible for the 
various effects in this study are unknown. Comparing sclerotia production in the presence of 
herbicides under in vitro and in vivo conditions gave us a good understanding of the likely 
behavior of anastomosis groups 1 and 2-2 of R. solani under field conditions. However, the 
AG-4 isolate did not produce sclerotia under in vitro conditions, so a similar comparison 
could not be made. The increase in the number of sclerotia under the influence of herbicides 
could have a long-term effect in the propagation and survival of different AG groups in the 
presence of herbicides in soil An earlier study by Naiki and Ui (1978) found that sclerotial 
viability in AG-1, AG-2-1, AG-2-2, AG-3, AG-4, and AG-5 declined over a period of time 
and was further influenced by their size under in vitro conditions. However, ungerminated 
sclerotia when placed in the presence of the host showed vigorous germination. Additionally, 
it was found that sclerotia of AG-1 survived better than those of AG-2-2 and AG-4. 
Although, the effect of sclerotial size on germination and long term survivability was not 
attempted in this study, we found no difference in germination of sclerotia produced under 
non-herbicide and herbicide conditions. Results from this study reflects on the ability of 
different R. solani isolates belonging to different anastomosis groups in their capacity to 
grow and produce sclerotia in the presence of these three important herbicides used in G. 
max production. This information together with further testing with more isolates from 
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different anastomosis groups and studies on survival of J?, solani may help improve 
management of G. max diseases caused by R. solani. 
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Table 1. Analysis of variance for the effects of group, herbicide, herbicidal concentration, and their interactions on 
growth (cm2), sclerotial weight (mg), number of sclerotia/mg (#/mg), and percentage of germination (% Germ) of 
sclerotia of Rhizoctonia solani isolates AG-1, AG-2-2, and AG-4 under in vitro conditions. 
Growth (cm2) Weight (mg) #/mg %Germ 
Source F P> F F P> F F P > F  F P> F 
Group (Gr.) 137.0 0.0001 93.8 0.0001 65.0 0.0001 5.6 0.01 
Herbicide (Her.) 270.6 0.0001 19.4 0.0001 0.1 0.95 5.9 0.003 
Cone/ 34.0 0.0001 0.4 0.75 4.2 0.005 1.6 0.18 
Gr. x Her. 8.7 0.0001 0.3 0.72 3.4 0.03 6.8 0.001 
Gr. x Cone. 1.5 0.1918 17.4 0.0001 5.2 0.001 4.4 0.004 
Her. x Cone. 30.5 0.0001 3.9 0.0001 1.5 0.17 4.9 0.0001 
Gr. x Her. x Cone. 1.3 0.2215 1.4 0.24 2.5 0.028 1.1 0.37 
8 Concentrations of herbicides. 
Table 2. Analysis of variance for the effects of group, herbicide, herbicidal concentration, and 
their interactions on sclerotial weight (mg), number of sclerotia/mg (#/mg), and percentage of 
germination (% Germ) of sclerotia of Rhizoctonia solani isolates AG-1, AG-2-2, and AG-4 
under in vivo conditions. 
Weight (mg) #/mg %Germ 
Source F P> F F P> F F P> F 
Group (Gr.) 169.6 0.0001 68.7 0.0001 4.9 0.0081 
Herbicide (Her.) 42.5 0.0001 6.2 0.0021 5.8 0.0033 
Cone.8 60.9 0.0001 112.0 0.0001 3.9 0.0001 
Gr. x Her. 33.9 0.0001 25.2 0.0280 6.2 0.0001 
Gr. x Cone. 64.1 0.0001 24.0 0.0001 6.9 0.0001 
Her. x Cone. 20.5 0.0001 14.1 0.0001 5.9 0.0001 
Gr. x Her. x Cone. 30.9 0.0001 20.7 0.0001 3.2 0.0002 
a Concentrations of herbicides. 
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CHAPTER 3. EFFECTS OF HERBICIDES ON ROOT ROT AND 
DAMPING OFF CAUSED BY RHIZOCTONIA SOLANI JN 
GLYPHOSATE TOLERANT SOYBEAN 
A paper to be submitted to Plant Disease 
R. Harikrishnan, and X. B. Yang 
ABSTRACT 
Diseases caused by Rhizoctonia solani are a major production constraint in soybean-
growing regions. Little information is available about diseases in soybeans tolerant to 
different herbicides. In 1998 and 1999, studies were conducted to evaluate the plausible 
interaction between glyphosate-tolerant soybean and herbicides (glyphosate, imazethapyr, 
lactofen, and pendimethalin) on damping-off and root rot caused by R. solani under 
greenhouse and field conditions. In the greenhouse, various herbicides were applied at the 
recommended field rate on glyphosate-tolerant and non-tolerant soybeans grown in soils 
(autoclaved and non-autoclaved) infested with R. solani (AG-4) isolate. Generally, no 
significant interactions occurred between R. solani and herbicides on plant height, shoot and 
root dry weight, and root rot severity index for both glyphosate-tolerant and non-glyphosate 
tolerant cultivars. However, plant height, shoot dry weight, and root dry weight were 
significantly lower compared to control in both glyphosate-tolerant and non-glyphosate 
tolerant cultivars in the greenhouse in the presence of R. solani and pendimethalin. In a two-
year field study, plant stands of both glyphosate-tolerant and non-glyphosate tolerant 
cultivars decreased in the presence of R. solani and herbicides compared to control in 1998 
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but the differences between the two soybeans were generally insignificant. In 1999, plant 
stands of both glyphosate-tolerant and non-glyphosate tolerant cultivars were significantly 
decreased by R. solani and in the presence of the herbicides tested. Other variables measured 
such as plant height, shoot and root dry weights, and root rot severity responded differently 
to the various treatments. The greenhouse results were consistent with those from the two-
year field study. Based on our results from both greenhouse and field studies we conclude 
that glyphosate-tolerant and non-glyphosate tolerant soybeans responded similarly to» root rot 
and damping-off caused by R. solani in the presence and absence of the herbicides tested. 
The introduction of herbicide-tolerant crops is a significant step in crop protection. 
Glyphosate-tolerant soybeans were the first genetically altered herbicide-tolerant crop and 
were first introduced in 1996. Since then, the acreage of herbicide-tolerant soybeans; has 
been increasing dramatically. As of 1998, transgenic soybean acreage accounted for nearly 
38% of the total soybean acreage in the US. Of which, glyphosate-tolerant soybean cultivars 
constituted nearly 70% of the acreage (7). Tolerance to glyphosate in the cultivars is 
mediated by a gene isolated from a soil bacterium (13). The expected benefits of glyphosate-
tolerant soybean cultivars are through potential decreases in herbicide usage, reduced plant 
injury, and better weed control. 
Despite their many advantages, several scientific and social questions have been raised 
with the increased adoption of such herbicide-tolerant crops (5). From the weed 
management point of view, the increasing acreage of glyphosate-tolerant cultivars could lead 
to a mono-herbicide culture which in turn could lead to the development of herbicide 
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resistant weeds from increased selection pressure (14). Pathologically, earlier studies have 
shown that effects of herbicides can lead to increase in root diseases in various crops (1,2). 
For example, glyphosate has been shown to increase populations of several fungi in soil (11, 
18). Glyphosate was shown to block the production of phenolic compounds involved in 
disease resistance of host plants (10) and thus leading to increased disease susceptibility in 
various crops (9, 12, 16, 19). A previous study by Sanogo et al. (16) reported that both 
glyphosate-tolerant and non-glyphosate tolerant soybean cultivars responded similarly to 
infection by Fusarium solani f. sp. glycines following herbicide application. 
Rhizoctonia solani Kuhn (teleomorph = Thanatephorus cucumeris (AB. Frank) Donk) is 
a major pathogen of soybeans in the north-central US (4). The firngus causes pre emergence 
and post emergence damping-off, root rot, and aerial leaf blights on a variety of crops around 
the world. Stand and yield losses up to 50% in soybeans have been reported in the literature 
(17). However, knowledge about the effects of herbicides on the interaction between R. 
solani and herbicide-tolerant soybean cultivars is lacking. The objective of this research was 
to study the effects of four select herbicides commonly used in soybean on the development 
of damping-off and root rots caused by R. solani in glyphosate-tolerant and non glyphosate-
tolerant soybeans. 
MATERIALS AND METHODS 
Greenhouse Studies. Greenhouse experiments were conducted in 1998 and 1999. Pots 
measuring 15 cm in diameter were filled with a mixture of sand 'soil (1:1 v/v) under 
autoclaved and non-autoclaved conditions. Inoculum of R. solani (AG-4) was increased on 
autoclaved oats kernels. One-liter jars filled with oat kernels soaked overnight were 
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autoclaved approximately at 140 KPa for 30 minutes at 121 °C. Following cooling, the jars 
were seeded with four to five 5-mm mycelial plugs from two- to three-day-old R. solani 
cultures on PDA and incubated at 25 ± 2 ° C in dark for three weeks. Two soybean cultivars: 
glyphosate-tolerant Pioneer 93B01 (P 93B01) and non-glyphosate tolerant BSR101 were 
planted at the rate of five seeds/pot. The pots were infested with the R. solani isolate by 
mixing the entire inoculum in the soil. Three herbicides [pendimethalin - pre emergence 
(Prowl 3.3 EC), imazethapyr - post emergence (Pursuit 2 AS), and glyphosate - post 
emergence (Roundup Ultra)] were applied at field rates (1.7, 0.071, and 0.84 kg a.i./ha for 
pendimethalin, imazethapyr, and glyphosate, respectively). The required herbicide amounts 
were calculated based on the surface area of the pot. Pendimethalin was applied after planting 
while imazethapyr and glyphosate were applied at V2 and V4 growth stages (GS) (6). The 
treatments (combinations of herbicides and inoculum densities of R. solani) applied are listed 
in Table 1. Treatments involving glyphosate were not applied for the non-glyphosate tolerant 
soybean cultivar (BSR 101). The treatments were completely randomized with four 
replications and the experiment was conducted twice. The experiments were terminated at 
R1 GS. Plant heights were recorded, and shoot and root dry weights were taken after oven 
drying for 48 h at 60 °C. Roots were scored for root rot severity index (RSI) after 
thoroughly washing the roots with running tap water based on 1 to 5 scale according to 
Nelson et al. (13). Final plant stand also was recorded at the end of the experiments. 
Field Studies. Studies were conducted in 1998 and 1999 at Iowa State University Hinds 
Farm, Ames, in a sandy loam (clay 17.8, sand 53.0, and silt 29.2%) field. The two soybean 
cultivars studied were Pioneer 9344 (P 9344), a glyphosate-tolerant cultivar and BSR 101, a 
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non-glyphosate tolerant cultivar. The cultivars were planted on June 21 and May 10, 
respectively for years 1998 and 1999. Plots were 4 row spaced 1 m apart and were 3 m in 
length. The rows were planted at the rate of approximately 50 seeds/m. The 
treatments (combinations of herbicides and R. solani) applied in the years 1998 and 1999 are 
listed in Table 2. Treatments involving glyphosate were not applied to the non-glyphosate 
tolerant soybean cultivar BSR 101. Treatments were arranged in a randomized complete 
block design with three replications for each year of study. 
Inoculum of R. solani (AG-4) isolate was increased as mentioned earlier. Before planting 
soybean, 0.5 L of infested oat kernals were spread uniformly by hand in an approximately 10 
cm deep furrow of the center two rows of all plots. Herbicides were applied at the 
recommended field rates as previously described using a C02- pressurized hand held sprayer 
(R&D Sprayers, Inc., Louisiana) with a spray volume of approximately 60 liters per acre and 
at a pressure of approximately 210 KPa. Pre emergence herbicide application was made the 
following day after planting, and post emergence herbicide applications were made at the V4 
and V5 growth stages in 1998 and 1999, respectively. Non-herbicide treated plots were 
maintained weed free by hoeing when needed. Observations on plant stand (number of 
plants/m) were taken at R1 growth stage on the center two rows of all plots. The first five 
plants in the second row were dug out to measure shoot dry weight and to evaluate for root 
rot severity. Roots were thoroughly washed with running tap water to free soil and were 
rated for root rot severity based on a 1 to 5 scale as described earlier. Shoot dry weight (g) 
was measured from all treatments after oven drying for 48 h at 60 °C. Additionally, root bits 
from the various treatments were tested for the presence of the inoculated isolate (AG-4). 
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Root bits (~ 2 cm) were treated for two minutes in 0.5% sodium hypochlorite followed by 
two washings in sterile distilled water, and were plated on to 2% water agar amended with 
100 mg/1 streptomycin sulphate. The plates were incubated at 25 ± 2 °C for 24 to 48 h in 
dark. Hyphal tips of colonies resembling R. solani were further transferred to potato 
dextrose agar. Purified colonies were paired with the original isolate (tester) for 
identification as described by Kronland and Stanghellini (8). 
Data analysis. Data from the greenhouse were analyzed for variance in a completely 
randomized design with SAS General Linear Models Procedure. Main effects of different 
treatments were compared using Fisher's protected least significant difference test at P = 
0.05. Data were analyzed separately for the two cultivars within each soil condition, while 
data were combined among repetitions as there were no significant differences. Preliminary 
analysis indicated no significant difference among the various variables measured between the 
two inoculum (0.5% and 1.0%) densities, so only 1.0% inoculum density was used for 
comparison among the various combinations of treatments. 
Field experiment data also were analyzed for variance in a completely randomized block 
design with SAS General Linear Models Procedure. Data were analyzed separately for the 
two cultivars and for the two years as there were differences in the number of treatments 
between the years. Main effects of different treatments were separated using Fisher's 
protected least significant difference test at P = 0.05. Preliminary analysis of the data from 
1999 indicated no significant differences among various uninoculated herbicide treatments 
with those of control and non-viable R. solani (KRS). So comparisons were made among 
various inoculated herbicide treatments and control and KRS. 
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RESULTS AND DISCUSSION 
Greenhouse study. Analysis of variance showed significant cultivar effects on plant 
height, shoot dry weight, root rot severity, and plant stand while treatment and treatment x 
cultivar interaction had significant effects on plant height, shoot dry weight, root dry weight, 
root rot severity, and plant stand (P — 0.0001) (Table 3). In autoclaved soil, plant stand was 
significantly affected by R. solani regardless of herbicides compared to control (non-infested 
+ no herbicide) for cultivar BSR 101 (Fig. 1 A). All the other variables such as plant height, 
shoot dry weight, root dry weight showed reductions compared to control but were generally 
insignificant. Root rot severity index was greater with R. solani + pendimethalin compared 
to control while the other treatments had similar responses (Table 4). All the treatments 
showed decreased plant stand compared to control with cultivar P 93B01 (Fig. 1C). The 
other variables measured generally had similar response to all the treatments with the 
exception of treatment: R. solani plus pendimethalin which showed a significant decrease in 
plant height, shoot and root dry weights (Table 4). 
In non-autoclaved soil, R. solani with and without herbicides reduced plant stand in both 
cultivars compared to control but the significance of the treatments varied (Fig. IB and D). 
Reductions in plant stand ranged from 20 to 40% in cultivar BSR 101 while with cultivar 
P 93B01 the reduction ranged from 20 to 80%. Generally, there were insignificant responses 
to the various treatments with regard to the other variables measured except for R. solani + 
pendimethalin which showed significant reductions in plant height, shoot and root dry 
weights (P = 0.05) (Table 4). 
The results from the greenhouse experiments were consistent between the two soil 
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conditions and repetitions in this study. The general decrease in plant stands with cultivars 
BSR 101 and P 93B01 under both soil conditions in the presence of R. solani with or without 
herbicides shows that the plant stand reductions were independent of the action of herbicides 
thus indicating that herbicides did not affect the seedlings. However, lesions typical of those 
caused by R. solani were visible on the root and hypocotyls from, plants inoculated under 
both soil conditions. 
Field study. There were significant effects due to cultivar, treatment, and their 
interaction on shoot dry weight, root rot severity and plant stand for both years (P < 0.01) 
(Table 5). Infesting by R. solani affected all the variables measured in both cultivars in the 
two-year study. But the response of the various variables differed among the cultivars. In 
1998, BSR 101 showed decrease in shoot dry weight in the presence of R. solani and in 
combination with all herbicides but was not significantly different from non-infested + no 
herbicide control Significant difference in root rot severity was observed with R. solani + 
pendimethalin + imazethapyr treatment compared to non-infested + no herbicide control (P = 
0.05) (Table 6). A significant decrease in plant stand occurred with R. solani + 
pendimethalin and R. solani + pendimethalin + imazethpyr (P = 0.05) (Fig. 2A). In contrast, 
P 9344 showed a significant increase in root rot severity with treatments R. solani + 
pendimethalin + imazethapyr and R. solani + pendimethalin + glyphosate compared to non-
infested + no herbicide control (P = 0.05) (Table 6). Response of plant stand in the presence 
of R. solani and in combination with herbicides varied and did not show any significant 
decrease compared to control (Fig. 2C). 
In 1999, plant stand of BSR 101 was significantly reduced in the presence of R. 
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solani alone and with all combinations of herbicide from control (P = 0.05]) (Fig. 2B). A 
significant response also was observed for treatment R. solani + pendimethalin with regard to 
root rot severity {P = 0.05) (Table 6). A significant reduction in plant stared was observed in 
P 9344 in the presence of R. solani and/or with all herbicide combinations from KRS and 
non-infested + no herbicide control with reductions ranging from 50 to 80*34» (P = 0.05) (Fig. 
2D). Root rot severity was significantly affected by treatment R. solani + pendimethalin. 
The rest of the variables observed were generally not affected in both cultiwars by R. solani 
and by the various herbicides applied (Table 6). 
In the presence of R. solani with or without herbicides, plant stands were reduced in both 
cultivars, but the magnitude in stand reduction varied with respect to the treatments. The rest 
of the variables measured had similar response to inoculation with R. solami both in the 
presence and in the absence of herbicides for both cultivars. Compared to 1998, 1999 was 
more wet especially early in the season which might account in part for the; significant 
decrease in plant stand with most treatments. In addition, delayed planting in 1998 might 
have avoided the favorable early season environment for damping-off and aroot rots caused by 
R. solani. 
Generally, our results were consistent with the previous findings by Baruske and Kirby (3) 
who found no significant increase in root rot in soybeans due to interactions between 
herbicides and R. solani. However, our findings on the effects of pendimethalin on root rot 
severity agree with the results of Wiley and Ross (21) who found increased root rot in 
soybeans treated with trifluralin, which belongs to the same class of dinitro»aniline herbicides. 
On the contrary, our results from the greenhouse experiments with two inoculum levels 
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showed no significant difference among the inoculum levels tested, which is different from 
Wiley and Ross's (21) observation where they found significant increase in root rot with 
trifluralin and increased inoculum density. 
Herbicide-induced stresses in conjunction with physical factors have been shown to 
increase predisposition of crops to plant diseases and fungal colonization (1, 2). Thus, the 
use of herbicide-tolerant cultivars could reduce herbicide-related stresses and decrease 
diseases compared with conventional cultivars, which lack herbicide tolerance. However, 
results from this study do not support such an hypothesis. Because glyphosate-tolerant and 
non-glyphosate tolerant cultivars had similar response to R. solani when treated with 
glyphosate and other herbicides. Results of this study corroborate the findings from an 
earlier study where researchers found similar responses in both glyphosate-tolerant and non-
glyphosate tolerant soybeans when treated with herbicides on the development of sudden 
death syndrome caused by Fusarium solani f. sp. glycines (15). 
The results of this study are important to the management of diseases caused by R. solani 
in glyphosate-tolerant and non-glyphosate tolerant soybeans in relation to the use of 
herbicides. Although damping-off and rot rot caused by R. solani were similar in both 
glyphosate-tolerant and non-glyphosate tolerant cultivars following application of herbicides, 
further testing with more glyphosate-tolerant soybean cultivars under differing environmental 
conditions are needed to ascertain whether there is a significant interaction between 
herbicides and glyphosate-tolerant soybeans on damping-off and root rots caused by R. 
solani. 
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Table 1. Treatments (herbicides and inoculum densities of Rhizoctonia solani) applied to a 
glyphosate-tolerant (Pioneer 93B01) and a non-glyphosate tolerant (BSR 101) soybean 
cultivar in the greenhouse 
Serial No. Treatments 
1. Control (no herbicide, no inoculation) 
2. R. solani (RS, no herbicide, 0.5% (w/w) inoculum) 
3. R. solani (RS, no herbicide, 1.0% (w/w) inoculum) 
4. Pendimethalin (Prowl 3.3 EC) + 0.5% (w/w) inoculum 
5. Pendimethalin + 1.0% (w/w) inoculum 
6. Imazethapyr (Pursuit 2 AS) V2 GSa + 0.5% (w/w) inoculum 
7. Imazethapyr V4 GS + 0.5% (w/w) inoculum 
8. Imazethapyr V2 GS + 1.0% (w/w) inoculum 
9. Imazethapyr V4 GS + 1.0% (w/w) inoculum 
10. Glyphosate (Roundup Ultra) V2 GS + 0.5% (w/w) inoculumb 
11. Glyphosate V4 GS + 0.5% (w/w) inoculum b 
12. Glyphosate V2 GS + 1.0% (w/w) inoculum b 
13. Glyphosate V4 GS + 1.0% (w/w) inoculum b 
b 
GS: denotes growth stages as described by Fehr et al. (6). 
Treatments were not applied for the non-glyphosate tolerant cultivar BSR 101. 
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Table 2. Treatments (herbicides with and without Rhizoctonia solani) applied to a 
glyphosate-tolerant (Pioneer 9344) and a non-glyphosate tolerant (BSR 101) soybean 
cultivars under field conditions in 1998 and 1999 
Serial No. Treatments 
1. Control (no herbicide, no inoculation)* 
2. No herbicide + non-viable R. solani (KRS) 
3. R. solani (RS, no herbicide + inoculation)* 
4. Pendimethalin (Prowl 3.3 EC) + no inoculum 
5. Imazethapyr (Pursuit 2 AS) + no inoculum 
6. Glyphosate (Roundup Ultra)+ no inoculum 
7. Lactofen (Cobra 2 EC) + no inoculum 
8. Pendimethalin + inoculum* 
9. Imazethapyr + inoculum* 
10. Glyphosate + inoculum* 
11. Lactofen + inoculum 
12. Pendimethalin + Imazethapyr + no inoculum 
13. Pendimethalin + Glyphosate + no inoculum 
14. Pendimethalin + Lactofen + no inoculum 
15. Pendimethalin + Imazethapyr + inoculum* 
16. Pendimethalin + Glyphosate + inoculum* 
17. Pendimethalin + Lactofen + inoculum 
Treatments applied in 1998. Glyphosate treatments were not applied to non-glyphosate 
tolerant cultivar BSR 101. 
Table 3. Analysis of variance showing the effects of cultivar, soil, treatments, and their interactions on plant height (PH), 
shoot dry weight (SDWT), root dry weight (RDWT), root rot severity index (RSI), and plant stand (PS) under greenhouse 
conditions 
PH SDWT RDWT RSI PS 
Soucre of variation® F P> F F P> F F P> F F P> F F P> F 
Cultivar (C) 28.2 0.0001 13.8 0.0002 0.4 0.5348 352.8 0.0001 101.3 0.0001 
Soil (S) 20.6 0.0001 10.1 0.002 8.2 0.004 0.1 0.7393 1.5 0.2190 
C x S  0.13 0.7236 28.2 0.0001 16.0 0.0001 7.4 0.007 0.9 0.3508 
Treatment (T) 20.0 0.0001 15.8 0.0001 17.0 0.0001 12.2 0.0001 14.0 0.0001 
C x T  22.5 0.0001 12.1 0.0001 15.0 0.0001 9.2 0.0001 8.2 0.0001 
S x T  1.3 0.2281 3.3 0.0002 2.4 0.005 1.1 0.3387 1.0 0.4213 
C x S x T  1.9 0.03 2.5 0.003 2.1 0.02 0.5 0.9055 1.1 0.3555 
Data are from four replications and thirteen treatments, 
Table 4. Effects of various treatments (combinations of herbicides and Rhizoctonia solani) on plant height, shoot fresh dry 
weights, root fresh and dry weights, and root rot severity in non-glyphosate tolerant (BSR 101) and glyphosate-tolerant 
(Pioneer 93B01) cultivars under greenhouse conditions 
Means' 
BSR 101 Pioneer 93B01 
Shoot Root Shoot Root 
Plant dry dry Plant dry dry 
height weight weight height weight weight 
Treatment (cm) (g) (g) RSIb (cm) (g) (g) RSIb 
Autoclaved Soil 
Control 28.6 ae 1.4 a 0.6 a 1.1 a 17.1 a 1.4 a 0.6 a 1.4 d 
R. solani (RS) 18.7 b 1.0 ab 0.6 a 1.3 a 16.9 a 1.4 a 0.6 a 3.0 ab 
RS + pendimethalin 15.1 be 0.8 b 0.5 a 1.6 a 6.4 b 0.5 b 0.1 c 1.9 cd 
RS + imazethapyr® 17.8 b 1.3 a 0.7 a 1.5 a 16.2 a 1.2 a 0.5 b 3.5 a 
RS + imazethapyr*1 10.7 c 0.7 b 0.5 a 1.1 a 19.0 a 1.5 a 0.6 a 3.2 ab 
RS + glyphosate0 r 
_ 
15.7 a 1.3 a 0.6 a 2.5 ab 
RS + glyphosate4 15.0 a 1.1a 0.6 a 2.9 ab 
Non-autoclaved Soil 
Control 16.6 ab 1.4 b 0.7 be 1.7 a 15.0 a 1.2 a 0.5 ab 1.4 d 
R. solani (RS) 19.2 a 3.1a 1.4 a 1.8 a 15.4 a 1.5 a 0.7 a 3.0 ab 
RS + pendimethalin 11.9c 1.2 b 0.5 c 1.8 a 4.7 b 0.6 b 0.2 c 1.9 cd 
RS + imazethapyr" 11.7c 1.8 b 1.0 b 1.5 a 15.6 a 1.2 a 0.5 ab 3.5 a 
RS + imazethapyr*1 14.4 be 1.6 b 0.9 b 1.7 a 14.4 a 1.3 a 0.6 ab 3.2 ab 
RS + glyphosate0 15.1a 1.5 a 0.7 a 2.5 ab 
RS + glyphosate*" 12.5 a 1.2 a 0.4 b 2.9 ab 
a Means are based on four replications and from two experiments. 
b Root rot severity index (RSI) taken at termination of the experiment (R1 growth stage). 
candd Herbicides imazethapyr and glyphosate applied at V2 and V4 growth stages respectively, after planting. 
e Values followed by the same letters are not significantly different from each other for each variable within each soil 
condition and cultivar according to Fisher's Least Significant Test at P = 0.05. 
f This symbol (-) denotes absence of treatment because glyphosate was not applied to non-glyphosate tolerant cultivar. 
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Table 5. Analysis of variance showing the effects of cultivar, treatments (Rhizoctonia solani 
/herbicides), and their interaction on shoot dry weight (SDWT), root rot severity index (RSI), 
and plant stand (PS) under field conditions 
SDWT RSI PS 
Soucre of variation8 F P> F F P> F F P> F 
1998 
Cultivar (C) 10.6 0.003 29.8 0.0001 8.4 0.007 
Treatment (T) 3.4 0.01 16.6 0.0001 7.1 0.0001 
C x T  3.4 0.01 23.9 0.0001 6.1 0.0004 
1999 
Cultivar (C) 20.9 0.0001 30.4 0.0001 68.6 0.0001 
Treatment (T) 3.6 0.0001 9.7 0.0001 21.6 0.0001 
C x f D  5.0 0.0001 3.0 0.0008 15.6 0.0001 
a Data are from three replications for each year and of seven treatments in 1998 and of 
nine treatments in 1999. 
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Table 6. Effects of treatments (herbicides and Rhizoctonia solani) on shoot dry weight and 
root rot severity index (RSI) in soybean cultivars BSR 101 (non-glyphosate tolerant) and 
Pioneer 9344 (glyphosate-tolerant) in the field (1998, 1999) 
Shoot dry weight (g) * RSI 
Treatment 1998 1999 1998 1999 
BSR 101 
Control 11.5 ab 5.1 ab 2.2 b 1.1 b 
Non-viable R. solani (KRS) NAC 4.2 ab NA 1.2 b 
R. solani (RS) 9.3 a 5.0 ab 2.5 ab 1.3 b 
RS + pendimethalin (P) 9.7 a 3.7 b 2.2 b 1.6 a 
RS + imazethapyr (T) 11.3 a 3.2 b 2.7 ab 1.5 ab 
RS + lactofen (L) NA 5.8 a NA 1.2 b 
RS + P + I 9.3 a 4.2 ab 2.8 a 1.5 ab 
R S + P  +  L  NA 3.1b NA 1.5 ab 
PIONEER 9344 
Control 9.3 a 4.8 a 1.7 c 1.2 b 
Non-viable R. solani (KRS) NA 4.5 ab NA 1.2 b 
R. solani (RS) 10.9 a 5.0 a 2.2 be 1.2 b 
RS + pendimethalin (P) 9.6 a 3.8 ab 2.7 ab 1.6 a 
RS + imazethapyr (I) 15.5 a 3.8 ab 2.0 be 1.4 ab 
RS + glyphosate (G) 13.1 a 4.3 ab 2.7 ab 1.2 b 
RS + lactofen (L) NA 3.9 ab NA 1.4 ab 
RS + P + I 9.4 a 2.9 b 2.8 a 1.5 ab 
R S + P  +  G  9.5 a 4.2 ab 2.5 ab 1.3 b 
R S + P  +  L  NA 3.1b NA 1.4 ab 
a Shoot dry weight and root rot severity index (RSI) were taken at R1 growth stage. 
b Values followed by the same letters are not significantly different from each other within 
each cultivar according to Fisher's Least Significant Test at P = 0.05. 
c NA= treatment not applied. 
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Fig. 1. Plant stand (%) in the greenhouse for non-glyphosate tolerant cultivar BSR 101 (A 
and B) and glyphosate-tolerant Pioneer 93B01 (C and D) as affected by various treatments 
under autoclaved (A and C) and non-autoclaved conditions (B and D). The treatments were: 
CON = control; RS = Rhizoctonia solani; RSP = R. solani + pendimethalin; RSI (V2) = R. 
solani + imazethapyr applied at V2 growth stage; RSI (V4) = R. solani + imazethapyr 
applied at growth stage V4; RSG (V2) = R. solani + glyphosate applied at growth stage V2; 
RSG (V4) = R. solani + glyphosate applied at growth stage (V4). Bars followed by the same 
letters are not significantly different from each other according to Fisher's least significant 
test at P = 0.05. 
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Fig. 2. Plant stand (number/m) of non-glyphosate tolerant cultivar BSR 101 (A and B) and 
glyphosate-tolerant cultivar Pioneer 93344 (C and D) as affected by various treatments under 
field condition for years 1998 and 1999. The treatments were: CON = control; KRS = Non­
viable Rhizoctonia solani; RS = R. solani; RSP = R. solani + pendimethalin; RSI = R. solani 
+ imazethapyr; RSG = R. solani + glyphosate; RSL = R. solani + lactofen; RSPI = R. solani 
+ pendimethalin + imazethapyr; RSPG = R. solani + pendimethalin + glyphosate; RSPL = R. 
solani + pendimethalin + lactofen. Bars followed by the same letters are not significantly 
different from each other according to Fisher's least significant test at P — 0.05. 
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CHAPTER 4. RHIZOCTONIA SOLANI ANASTOMOSIS GROUPING 
ASSOCIATED WITH LATITUDINAL CHANGES AND EFFECTS OF 
TEMPERATURE ON GROWTH AND SURVIVAL 
A paper to be submitted to Phytopathology 
R. Harikrishnan, and X. B. Yang 
ABSTRACT 
Several studies have documented the influence of latitude and temperature on the 
distribution of plant pathogens. However, studies on the influence of latitude and 
temperature on the frequency of distribution of different anastomosis groups (AGs) of 
Rhizoctonia solani is lacking. A study was conducted to assess the frequency of different 
AGs of R. solani from different soybean-growing regions of the U S. Multinucleate R. 
solani isolates were recovered from soybean fields at five latitude levels ranging from 33 to 
46 °N. Out of 143 multinucleate isolates recovered, 51 isolates were AG-1 (35.6%), 9 were 
AG-2-2 (6.2%), 40 were AG-4 (28%), and 15 were AG-5 (10.6%). The remaining 28 
isolates (19.6%) failed to anastomose with any of the testers (AG-1, 2-2,4, 5). Among the 
four AGs, AG-1 was found mainly in the more southern latitudes in contrast to AG-2-2, 
which was found mostly in the more northern latitudes while AG-4 and AG-5 were 
distributed across all latitudes. Effects of temperature on growth, sclerotial production, and 
survival were studied with isolates from each AG. Results indicate differential effects of 
temperature on growth rate, sclerotial production, and survival among various AGs. Growth 
rate of all AGs was highest at temperatures 25 and 30 °C. Sclerotial production was greatest 
at 25 °C. AG-1 had the highest mean sclerotial production. Generally, population densities 
of all AGs tested declined linearly over time and with decrease in temperature in the survival 
study. Isolates in AG-1 failed to survive the 12-week incubation period at temperature 
-10 °C. 
Rhizoctonia solani Kuhn [teleomorph = Thanatephorus cucmeris (A. B. Frank) Donk] is 
a major pathogen on soybean, causing diseases such as damping-of£ root and stem rots, and 
foliar blight in most soybean-growing regions of the world (18). Severe yield losses due to 
this pathogen have been reported (23). Isolates of R. solani have been classified to 12 AGs 
(AG-1 to AG-11 and AG-BI) based on hyphal anastomosis, cultural morphology, 
pathogenicity, and DNA homology (4, 5,19). AG-1 is further sub-divided into AG-1 1 A, 
IB, 1C, and AG-2 into AG-2-1 and AG-2-2. On soybeans, AG-1 1A and AG-1 IB cause 
aerial and web blight, respectively; while the other AGs generally are responsible for seed, 
root, and stem rots. 
Of the various environmental factors, temperature has been postulated as a major 
criterion affecting the distribution, growth, and survival of microorganisms and fungi (15). 
Studies in Aspergillus section Flavi found that A. flavus was better adapted to warmer 
regions compared to A. tamari, which was found more abundant in the cooler cotton 
growing regions of Untied States (6). Verticillium albo-atrum occurs more frequently in 
cooler regions while V dahliae has been reported more from warmer regions (22). There are 
indications in the literature that reveal the influence of temperature on relative distributions of 
different AGs in R. solani. Windels et al. (25) found that of the 33 isolates of R. solani 
recovered from sugar beet in Minnesota, 28 belonged to AG-3, while the rest belonged to 
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from sugar beet belonged to AG-2-2. Another study found that isolates of R. solani 
recovered from soybeans in Ohio, US and Zaire belonged to different AGs (12). However, 
the reasons behind such differential distribution among various AGs of R. solani are 
unknown. 
Factor(s) that determine the distribution and abundance of R. solani must involve 
minimizing environmental and host-plant differences. There are two ways by which this can 
be achieved. One is to study the differences in R. solani community in a small area and to 
relate the differences in the community to biotic and abiotic factors. But the limitations of 
such studies are that results may not be representative of a larger environment, even though 
host plants and edaphic factors may be identical. The second approach is to sample a large 
area in which most of the biotic and some abiotic factors are relatively similar. The soybean 
growing regions of the US along the Mississippi River basin provide such an environment. 
The objectives of this study were to: 1) enumerate the diversity of the R. solani 
community along the Mississippi River basin, 2) determine the relationship of abiotic and 
edaphic factors on the relative distribution of different AGs of R. solani, and 3) study the 
effect of temperature on growth and survival of different AGs of R. solani. A preliminary 
report of this study has been published (7). 
MATERIALS AND METHODS 
Study area and soil sampling. Soil samples were collected during the growing season in 
the summer of 1998. The sampling area was spread across the following states: Minnesota, 
Iowa, Missouri, Arkansas, and Mississippi (latitude 33 to 46 °N). In each state, one location 
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was arbitrarily selected and five soybean fields were chosen arbitrarily around a eight km 
radius within each location. In each field, soil samples were collected arbitrarily from five 
spots to depth of 5 to 10 cm in a zig-zag manner. Approximately 1 kg of soil was collected 
from each field. Soil samples were mixed throughly within each field and brought back in 
cooler boxes and stored at 4 °C for further processing. The soil texture, percent sand, silt, 
clay, and organic matter (OM), and pH of each sample were analyzed by MVTL, Inc. 
Nevada, IA. 
Isolation. One hundred grams of soil from the respective fields were sieved through a 
mesh (250 yum diameter) by running tap water to collect residue. The residue collected was 
air dried overnight at room temperature (25 ± 2 °C). This residue constituted the starting 
material for isolation of R. solani. Initial isolations were made by placing two grams of the 
residue in petri dishes filled with water agar containing 100 mg per liter of streptomycin 
sulphate. After 24 to 48 h incubation in dark at 25 ± 2 °C, hyphae of R. solani were 
transferred to potato dextrose agar medium with 100 mg per liter of streptomycin sulphate 
(APDA) for further purification and identification. 
Identification, characterization, and anastomosis grouping. Identification of R. solani 
was based on hyphal characteristics (19). Mycelia from cultures grown in APDA and 
incubated at 25 ± 2 °C in dark for about two to four days were stained with 0.5% safranin O 
and 3% KOH (2) and were examined microscopically at 400 X magnification for estimation 
of the number of nuclei. 
Cultures of R. solani were paired with tester isolates of known AGs [(AG) AG-1, AG-2-
2, AG-4, AG-5] as described by Kronland and Stanghellini (11). Tester AG-1 was provided 
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by Dr. D. E. Mathre, Montana State University; AG-2-2 by Dr. C. E. Windels, University of 
Minnesota; and AG-4 and AG-5 by Dr. C. A. Martinson, Iowa State University. Two 
pairings were made of each unknown isolate with the respective testers. In each pairing test 
10 contact points were observed at 400 X magnification and were scored as described by 
Carting (3). Care was taken to avoid self anastomosis reactions. 
Temperature effect on ln-vitro growth and sclerotial production. Five representative 
isolates (one isolate from each location if present) from each group (AG-1, 2-2, 4, 5) were 
used for this study. Petri dishes filled with APDA were seeded with a 3 mm agar disk of the 
representative isolates from a two- to three-day-old culture grown in the dark at 25 ± 2 °C. 
These petri dishes were incubated in dark incubators set at temperatures of5, 10, 15, 20, 25, 
and 30 ± 2 °C. Radial growth measurements were made daily up to seven days or until 
growth reached the edge of the plate on each of the isolates belonging to the various AGs, 
and mean growth rate/day was calculated. Sclerotia production was scored on these isolates 
based on a 0 to 5 scale index (0 = no sclerotia, 1 = 1 to 5 sclerotia, 2 = 6 to 10 sclerotia, 3 = 
11 to 15 sclerotia, 4 = 16 to 20 sclerotia, 5 = > 20 sclerotia) after a three month period. 
Each isolate/AG was replicated four times per temperature, and the experiment was 
repeated. 
Survival study. This study was conducted to evaluate the survival capability of different 
AGs under differing temperatures. Two isolates (one each from extreme latitudinal locations 
if present) belonging to groups AG-1, 2-2, 4, and 5 were employed in this study. The 
representative isolates were cultured on autoclaved soybean straw (size ~ 250 fj.m) and 
incubated in the dark at 25 ± 2 °C for 14 days. For estimating the initial population (colony 
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infested straw were taken and serially diluted to 1 x 10"4. A 0.1 ml aliquot of each dilution 
was plated onto APDA with three replications per dilution. The plates were incubated in 
dark at 25 ± 2 °C for two to three days. The colony forming units of R. solani were 
identified, counted and expressed as CFU per g of residue. 
Five grams of the infested straw of each isolate were placed approximately at halfway 
distance in a 6 x 9 cm cup filled with autoclaved sandy loam soil. The cups were incubated at 
-10,0, 10, 20, and 30 ± 2 °C in dark for a period of twelve weeks. Initially, the moisture was 
brought up to field capacity and was periodically adjusted to field capacity for the rest of the 
duration of the experiment. At the end of four, eight, and twelve weeks, two cups from each 
isolate (within each AG) per temperature were taken for population estimation by serial 
dilution plating as described earlier. The initial population densities per five gram residue 
were 4750, 2750, 2250, and 1650 CFU for AG-1, AG-2-2, AG-4, and AG-5, respectively. 
The study was conducted twice. 
Data analysis. In this study, the term 'prevalence' is defined as the presence or absence 
of R. solani in a field while 'density' denotes the number of isolates of R. solani recovered 
from a field (per two gram residue). The effects of temperature, anastomosis group, and their 
two-way interactions on growth rate and sclerotial production, and the effects of 
temperature, anastomosis group, time, and their two-way and three-way interactions on 
survival were determined using analysis of variance in the general linear models (GLM) 
procedure of SAS (SAS Institute, Cary, NC). Effects of temperature on growth rate and 
sclerotial production within each AG were compared using Fisher's protected least 
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significant difference test at P = 0.05. Overall means of growth rate (cm/day) and sclerotial 
production among AGs were calculated as there was no significant interaction between 
isolate (within each AG) and temperature (within each temperature) (data not shown). 
Population densities were natural log transformed [In (x)] before analysis for the survival 
experiments. The simple exponential model (9) was used to estimate slopes and intercepts. 
The model was evaluated using coefficient of determination (Rz). Data were combined for 
repetitions within each study following test for homogeneity. 
Analysis of variance was conducted to study the effects of soil texture on R. solani and 
the differences among soil types were separated by Fisher's protected least significant 
difference test (P = 0.05). Density of R. solani and distribution of various AGs were related 
with edaphic factors [pH, sand, silt, clay, and OM (%)] and abiotic factors [latitude, annual 
mean maximum, minimum, and mean temperatures (10 year average of the different 
locations)] using Pearson's correlation coefficient. 
RESULTS 
Characterization and distribution of R. solani. A total of 143 multinucleate isolates 
of R. solani were recovered from the five different locations. Prevalence (data not shown) 
and density of R. solani increased as latitude decreased (Table 1). Anastomosis grouping 
revealed that 35.6% of the isolates were AG-1, 6.2% of the isolates were AG-2-2, 28% of 
the isolates were AG-4, and 10.6% of the isolates were AG-5. The remaining 19.6% of the 
isolates failed to anastomose with any of the testers (AG-1, 2-2, 4, 5). 
Examination of the distribution of isolates belonging to the different AGs (Fig. 1) showed 
that AG-4 and AG-5 were found in all the regions sampled. Isolates of AG-1 were absent in 
samples from the more northern latitudes while isolates of AG-2-2 were absent in samples 
from the more southern latitudes. AG-1 was the dominant group in the more southern 
latitudes, whereas AG-2-2 was found mostly in the more northern latitudes. However, the 
middle location (40.1 °N) had a moderating effect on the distribution of the different AGs of 
R. solani with all the four groups being present. 
Effects of edaphic and abiotic factors. Soil characteristics of the five sampling regions 
were relatively similar (Table 1). Analysis of variance showed a significant soil texture effect 
(P < 0.05) on the density of jR. solani. Mean number of isolates recovered from clay, clay 
loam, sandy clay loam, and loam soils were 10.3, 3.3, 1.9, and 14.0, respectively, and were 
significantly different from each other except for clay loam and sandy clay loam soils. There 
was a negative correlation between latitude and density of R. solani but the correlation was 
not significant (r = -0.34, P < 0.09). There were no significant correlations between the soil 
variables and density of R. solani. However, OM was significantly correlated to AG-1 (r = 
-0.41, P < 0.0001) and AG-2-2 (r = 0.31, P < 0.0006). 
When abiotic parameters were examined for their effects on the distribution of different 
AGs, there were significant correlations with latitude and temperature variables. Distribution 
of AG-1 was positively correlated with maximum, minimum, and mean annual temperatures 
(r = 0.57, P < 0.0001; r = 0.56, P < 0.0001; and r = 0.57, P < 0.0001, respectively) while 
latitude was negatively correlated (r = -0.57, P < 0.0001). Maximum, minimum, and mean 
annual temperatures were negatively correlated with the distributions of AG-2-2 (r = -0.43, P 
< 0.001; r = -0.44, P < 0.0001; r = -0.44, P < 0.0001), AG-4 (r = -0.20, P < 0.03; r = -0.18, 
P < 0.05; r = -0.19, P < 0.04), and AG-5 (r = -0.20, P < 0.03; r = -0.20, P < 0.03; r = -0.20, 
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P < 0.03) while distribution was positively correlated with latitude for AG-2-2 (r = 0.45, P < 
0.0001), AG-4 (r = 0.20, P < 0.03), and AG-5 (r = 0.19, P < 0.04). 
Effects of temperature on growth, sclerotial production, and survival. There was a 
positive relationship between temperature and growth rate. Analysis of variance revealed 
significant effects of anastomosis group (G), temperature (T), and G x T interaction (P = 
0.0001) on growth (Table 2). Mean growth rate when averaged across all temperatures was 
highest with AG-5 and least with AG-2-2 (data not shown). Generally, growth rate 
increased with increase in temperature up to 25 °C for all the AGs examined except for 
AG-1 which had the highest growth rate at 30 °C. None of the isolates belonging to AG-1 
grew at 5 °C while growth rate was retarded at 5, 10, and 15 °C compared to 20, 25, and 30 
°C across all AGs (Fig. 2). 
Sclerotial production increased with increase in temperature up to 25 °C, after which 
there was a decline in sclerotial production across all AGs. Analysis of variance showed 
significant effects for group (G), temperature (T), and G x T interactions (P = 0.0001) on 
sclerotial production (Table 2). Mean sclerotial production when averaged across 
temperatures was greatest with AG-1 and least with AG-2-2 and AG-4 (data not shown). 
None of the isolates of the various AGs produced sclerotia at 5 °C (Fig. 3). 
Population of all the AGs decreased linearly with decrease in temperature and with 
increase in time in the survival study (Figs. 4-8). Analysis of variance showed significant 
effects due to group (G), temperature (T), interval (I) (P = 0.0001) and for interactions T x I 
and G x I (P = 0.0001) (Table 2). Survival rate of all the isolates from the different AGs 
declined sharply at -10 °C compared to the other temperatures. However, isolates of AG-1 
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did not survive the 12-week incubation at -10 °C (Fig. 4). All isolates within each AG had 
better survival rates at 10, 20, and 30 °C (Figs. 6-8) compared with -10 and 0 °C, which is 
indicated by shallower slopes for survival as temperatures increased. Coefficients of 
determination and probabilities that the true values of slopes were equal to zero (P > |t|) for 
survival are presented in Table 3. P values for the slopes were highly significant for the cases 
tested (P < 0.001) (Table 3). 
DISCUSSION 
Several statewide studies have shown differences in the AGs of R. solani recovered from 
soybeans (8, 13). However, to our knowledge our study is the first attempt to determine the 
variability in R. solani among different AGs on a large scale. Our results indicate that there 
is tendency for increased prevalence and density of R. solani with decrease in latitude. 
Distribution of different AGs in R. solani also was affected by latitudinal changes. AG-1 was 
found predominantly in the samples from more southern latitudes while AG-2-2 was mostly 
found in samples from more northern and central latitudes showing a south-north division. 
However, AG-4 and AG-5 did not show preference to latitudinal changes in their 
distribution. The presence of all the four AGs in the middle zone (40.1 °N) could be due to 
optimization of temperature. 
The distribution of different AGs along a latitudinal/temperature gradient could be 
ascribed to two aspects: 1) a direct effect of temperature on R. solani, and 2) indirect effects 
mediated by the host plants. Results from our study agree with Pirozynski's (15) hypothesis 
that temperature is the most important climatic variable affecting fungal distribution. 
However, the presence of all the four AGs at the middle zone (40.1 °C) disagrees with the 
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results of Koske's (10) study on the relative distribution of vesicular-arbuscular mycorrhizae 
(VAM), where he found the species richness in the total VAM fungi associated with the 
various hosts increased with decrease in latitude. Further, Koske's study found VAM fungi 
associated with certain hosts to increase up to a certain point, after which there was a decline 
because of restricted distribution of the hosts. The similarity in this results is intriguing 
because the type of association between VAM and R. solani with their respective hosts are 
strikingly different plus the distribution of R. solani was not restricted by the host in this 
study. VAM fungi are obligatory in their association with their hosts and are spore producers 
compared to R. solani, which is predominantly a facultative parasite and lacks spore 
production. Further, R. solani has a much broader host range compared to VAM fungi. 
The negative correlations between latitude and abundance of AG-2-2, AG-4, and AG-5, 
may suggest that these groups are relatively more important in the cooler north. In contrast, 
the positive correlation between AG-1 abundance and decrease in latitude seems to suggest 
that AG-1 is more important in the warmer south. Ecotypic differences in R. solani have not 
been documented, but results from this study indicate about the possibility of ecotypes within 
R. solani (differences among AGs). For example, most of the isolates of/?, solani 
recovered from sugar beet in the north belonged to AG-3 (25), while isolates recovered from 
the same host from the south belonged to AG-2-2 (17). In addition, a study by Yitbarek et 
al. (26) reported that isolates recovered from seedlings and mature rapeseed plants differed. 
Results of their study showed that isolates recovered from the seedlings predominantly 
belonged to AG-2-1, while isolates recovered from adult plants were mostly AG-4. Although 
intra seasonal variation among different AGs were not studied, results from this study seems 
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to suggest the effects of temperature and host in the occurrence of different AGs during the 
cropping season. The lack of AG-1 and AG-2-2 in the north and in the south, respectively 
could be attributed to effects of temperature and to that of hosts. Because rice is a major 
crop in the southern states on which AG-1 (AG-1-1A and 1-1B) causes severe sheath blights 
(8), and sheath blights caused by AG-1 (AG-1-1 A and 1-IB) are particularly more severe 
when rice is rotated with soybeans than with other crops (1). However in the north, soybeans 
are commonly rotated with corn on which AG-2-2 has been reported to cause crown and 
brace root rot (21). The presence of AG-4 and AG-5 at all locations sampled, further 
indicates that some AGs may be more adapted to temperature variation than other AGs. 
Additionally, AG-4 and AG-5 have a wide host range (19,20). 
Soil properties could not be related to the density of R. solani in general in our study and 
to that with different AGs. Of the various soil factors examined, only soil type showed 
significant effects on abundance of R. solani. The lack of any relationships between R. solani 
density and other soil properties could be due to small sample size in this study. 
Growth of R. solani was affected by the different temperatures tested. Growth of the 
representative isolates of the different AGs showed increased growth with increase in 
temperature up to 25 °C, after which the growth curve flattened. The growth response 
noticed in this study is similar to what has been reported (16). Sclerotial production increased 
up to 25 °C, but at 30 °C all the isolates tested from AG-1, AG-2-2, AG-4, and AG-5 
showed a decline. Generally all the representative isolates from the different AGs produced 
lesser or no sclerotia at the lower ends of the temperatures tested. The optimum temperature 
range in general reported for sclerotial production in R. solani is 18 to 21 °C (24). 
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Generally all the isolates irrespective of the AG survived less efficiently at lower 
temperatures. However, isolates of AG-1 and isolates from southern locations (< 40.1 °N) 
irrespective of AG had faster decline in survival rate compared to isolates from the northern 
locations. Although further studies are needed, these results seem to suggest that there may 
be ecological adaptations in survival among isolates within individual AG (intra-anastomosis 
group variation). Future research with more isolates from different locations within different 
AGs will clarify these observations. These results compare well with the field results obtained 
in this study where it was found that the density ofR. solani increased with decrease in 
latitude (increase temperature). Additionally, the mean annual minimum temperatures at 
latitudes above 40.1 °N are either equal to - 10 °C or lesser during the months of December, 
January, and February which might add to the decline in population density. Further, results 
from previous research suggest that R. solani greatly depends on plant substrate for survival, 
and population densities almost declined to undetectable levels once that substrate is 
exhausted due competition with other soil microbes (14). 
Results from this study indicate different distributional pattern among AGs of R. solani in 
soybeans over a large geographic range. The differentiation of AGs based on latitude, 
especially for AG-1 and AG-2-2 may be due to more preferential environment or due to 
lesser adaptation to the conditions reported in here. Further research on how cropping 
practices affect the occurrence of different AGs on a regional basis may provide a better 
understanding on our knowledge about the distribution of different AGs of R. solani in 
soybeans. Ultimately, an understanding of the distribution of different AGs in R. solani will 
help in devising disease management strategies of regional importance in soybeans. 
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TABLE 1. Density of Rhizoctonia solani and edaphic variables of each sampling site from 
where soil samples were collected 
Sampling Sites (Latitude ° N) 
Variable 46.5 43.2 40.1 35.6 33.4 
Density3 4.0 b 3.0 5.0 5.0 13.0 
(0-11) (0-8) (0-15) (0-7) (0 - 32) 
SoilpH 7.9 7.0 6.8 6.7 6.7 
(7.9) (6.3-7.4) (6.1-7.2) (6.3-7.0) (6.3-7.0) 
OM (%) 5.6 4.3 3.9 2.4 3.8 
(4.6-9.7) (2.6-5.3) (3.1-5.8) (1.6-3.3) (3.0-4.1) 
Sand (%) 40.0 54.5 33.0 55.0 27.5 
(35.0-50.0) (47.5-70.0) (25.0-45.0) (32.5-60.0) (17.5-45.0) 
Silt (%) 25.5 27.0 40.0 21.0 32.5 
(7.5-35.0) (20.0-35.0) (30.0-50.0) (15.0-37.5) (32.5-35.0) 
Clay (%) 34.5 17.5 27.0 30.0 40.0 
(27.5-55.0) (10.0-22.5) (22.5-32.5) (22.5-30.0) (20.0-52.5) 
a Mean number of isolates recovered from each location. 
b Values are means of each location and values in parenthesis give the range. 
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TABLE 2. Analysis of variance showing the effects of anastomosis groups, temperature, 
and time on growth rate, sclerotial production (SP), and survival of different isolates of 
Rhizoctonia solani 
Soucre of variation® 
Growth rate 
F P> F F 
SP 
P> F 
Survival 
F P> F 
Anastomosis Group (G) 17.7 0.0001 17.5 0.0001 167.4 0.0001 
Temperature (T) 661.6 0.0001 86.3 0.0001 17.9 0.0001 
G x T  7.1 0.0001 5.1 0.0001 1.5 0.13 
Time (TI) _b - - - 1806.9 0.0001 
TxTI - - - - 5.3 0.0001 
G x TI - - - - 112.4 0.0001 
T  x G x T T  - - - - 1.4 0.08 
a Data are means of two experiments and four anastomosis groups with five isolates each 
for growth rate and sclerotial experiments and with two isolates from each anastomosis 
group in the survival experiments. 
b Not applicable. 
110 
TABLE 3. Coefficients of determination (R2), intercepts, slopes, and probabilities that the 
true values of the slopes are equal to 0 (P > |t|) for regression of population densities of 
Rhizoctonia solani against days after incubation at five different temperatures for four 
anastomosis groups (AG) 
Temperature 
CO Grouo 
Origin of isolate 
(Latitude) Intercept Slope R2 
P>|t |  
-10 AG-la 40.1 9.13 -0.12 0.89 <0.0001 
33.4 8.61 -0.22 0.94 <0.0001 
AG-2-2 46.5 8.10 -0.12 0.84 0.0003 
40.1 8.35 -0.07 0.82 0.0004 
AG-4 46.5 7.42 -0.10 0.80 0.0006 
33.4 8.41 -0.22 0.88 0.001 
AG-5 46.5 7.85 -0.11 0.79 0.001 
33.4 7.88 -0.19 0.91 0.0001 
0 AG-1 40.1 8.69 -0.06 0.97 <0.0001 
33.4 8.25 -0.06 0.95 <0.0001 
AG-2-2 46.5 7.94 -0.05 0.96 <0.0001 
40.1 7.98 -0.04 0.95 <0.0001 
AG-4 46.5 7.33 -0.05 0.92 <0.0001 
33.4 7.90 -0.06 0.96 <0.0001 
AG-5 46.5 7.36 -0.05 0.95 <0.0001 
33.4 7.46 -0.06 0.97 <0.0001 
10 AG-1 40.1 8.50 -0.05 0.99 <0.0001 
33.4 8.14 -0.05 0.98 <0.0001 
AG-2-2 46.5 8.00 -0.04 0.99 <0.0001 
40.1 7.89 -0.04 0.98 <0.0001 
AG-4 46.5 7.32 -0.03 0.94 <0.0001 
33.4 7.79 -0.04 0.96 <0.0001 
AG-5 46.5 7.18 -0.05 0.95 <0.0001 
33.4 7.31 -0.03 0.95 <0.0001 
20 AG-1 40.1 8.44 -0.04 0.98 <0.0001 
33.4 8.16 -0.04 0.98 <0.0001 
AG-2-2 46.5 7.95 -0.04 0.97 <0.0001 
40.1 7.86 -0.03 0.97 <0.0001 
AG-4 46.5 7.34 -0.03 0.94 <0.0001 
33.4 7.99 -0.04 0.98 <0.0001 
AG-5 46.5 7.34 -0.03 0.92 <0.0001 
33.4 7.39 -0.02 0.94 <0.0001 
30 AG-1 40.1 8.55 -0.04 0.99 <0.0001 
33.4 8.26 -0.04 0.98 <0.0001 
AG-2-2 46.5 8.01 -0.04 0.97 <0.0001 
40.1 7.96 -0.04 0.97 <0.0001 
AG-4 46.5 7.42 -0.03 0.91 <0.0001 
33.4 8.01 -0.04 0.98 <0.0001 
AG-5 46.5 7.31 -0.03 0.93 <0.0001 
33.4 7.54 -0.03 0.94 <0 0001 
a Two isolates within each AG under controlled conditions. 
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Fig. 1. Distribution of isolates of Rhizoctonia solani as reflected by frequencies of different 
anastomosis groups (AGs) from various locations. 
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Fig. 2. Mean radial growth of five representative isolates of Rhizoctonia solani belonging to 
AG-1 (a), AG-2-2 (b), AG-4 (c), and AG-5 (d) on potato dextrose agar with 100 mg/1 
streptomycin sulphate at 5 to 30 °C. Values followed by the same letter are not significantly 
different according to Fisher's least significant test at P = 0.05. 
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Fig. 3. Mean sclerotial production of five representative isolates of Rhizoctonia solani 
belonging to anastomosis groups AG-1 (a), AG-2-2 (b), AG-4 (c), and AG-5 (d) on potato 
dextrose agar with 100 mg/1 streptomycin sulphate at 5 to 30 °C over a 12 wk period based 
on an index (1 = 1 to 5 sclerotia, 2 = 6 to 10 sclerotia, 3 = 11 to 15 sclerotia, 4 = 16 to 20 
sclerotia, and 5 = > 20 sclerotia). Values followed by the same letter are not significantly 
different according to Fisher's least significant test at P = 0.05. 
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over a 12 wk period under in vitro conditions. 
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CHAPTER 5. GENERAL SUMMARY 
This dissertation consists of three parts. Part one investigated the effects of herbicides 
on growth and sclerotia production in Rhizoctonia solani. Part two examined the effects of 
herbicides on root rot and damping-off caused by R. solani on glyphosate-tolerant and 
glyphosate non-tolerant soybeans. Finally, part three is a study on the distribution pattern of 
different anastomosis groups (AGs) of R. solani across the soybean belt. 
Results show that of all the herbicides (glyphosate, imazethapyr, and pendimethalin) 
t e s t e d ,  p e n d i m e t h a l i n  s i g n i f i c a n t l y  r e d u c e d  m y c e l i a l  g r o w t h  o f  a l l  t h e  t h r e e  i s o l a t e s  o f R .  
solani while sclerotial production was affected differently by the three herbicides. 
Comparison of sclerotial production under in vitro and in vivo conditions revealed greater 
sclerotial production under in vivo condition. All the three R. solani isolates evaluated 
produced sclerotia under in vivo condition. However, AG-4 isolate failed to produce 
sclerotia under in vitro condition. Sclerotial viability was not significantly affected by the 
herbicides for all the three R. solani isolates. Further studies with more isolates from 
different AGs are needed to confirm the findings of this study. 
Greenhouse and field experiments on the effects of herbicides on infection by R. solani 
indicate that both glyphosate-tolerant and glyphosate non-tolerant soybeans respond similarly 
to infection by R. solani. Plant stands decreased with application of herbicide pendimethalin 
and R. solani for both glyphosate-tolerant and glyphosate non-tolerant soybeans. More 
studies under differing environmental conditions are needed to evaluate whether there is a 
significant interaction between herbicides and R. solani on glyphosate-tolerant soybeans. 
Examination of the distribution of different AGs (AG-1, 2-2, 4, and 5) in R. solani from 
120 
various location across the soybean belt revealed that AG-1 was found predominantly in the 
southern latitudes while AG-2-2 was found mostly in the northern latitudes. However, AG-4 
and AG-5 were not restricted to any particular location and were distributed across all the 
locations sampled indicating wider adaptability. Testing the effects of temperature on 
growth, sclerotial production, and survival with representative isolates from each AG shows 
that all representative isolates irrespective of AGs prefer warmer temperatures for better 
growth and survival. 
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